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A nanoscale carbide article consisting essentiaUy of 
covalently bounded elements M', M^ and C havine the 
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aspect ratio of between 10 and 1000 and has a shorter axis 
of between 1 and 40 nanometers. 
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CARBroE NANOMATERIALS normalized to diameter, than prior larger materials. For 

STATEMENTAS TO FEDERALLY SPONSORED ^^^^^^^^.^^^^^^^^ 

KtbhARCH G. McMahon et aL,7. Maler. Sci. 26:5655-5663 (1991). The 

This invention was made with support from the National * ""^^P^ion encompasses not only the individually identified 

Science Foundation (MERSEC, Grant No. DMR-94()0396) "carbide articles, but also other nanoscale materials that are 

Accordingly, the U.S. government may have certain rights in according to processes disclosed herein. The invention 

the invention. encompasses the methods disclosed herein for making 

carbide articles such as nanorods. 

BACKGROUND OF THE INVENTION Other features or advantages of the present invention will 

TIte invention is in the field of nanometer scale materials. tl^^.u^l^'l^T^lt^'^^i ^^^^ 

bxamples of nanomatenals include hollow carbon graph- Terms 

ite tubes with diameters between 1 and 75 nm, and lengths As used herein, the term "carbide" means a compound of 

up to one micron. Such nanotubes are produced, for 15 carbon and one or two elements more electroposi^e than 

example, m reactors at 550-850= C. by mixing hydrogen and carbon, excluding hydrogen. The atoms S a^AWe are 

carbon-containmggasesin thepresenceof acatalysLStrat- covalently bound^ the c'bon atoms being IT^My sp" 

egies used to prepare filled nanotubes include in-situ arc hybridized as in Ta^C and Cr3C,. In contra^ pure eranhitic 

growth using metal/carbon composites and the loading of carbon (e.g., nanombe starting materianT^pM-yMS 

nanotubes usmg liquid reagents. In addition, graphitecoated. 20 Examples of binary carbides include TiC NbC and S^' 

partially-hoUow lanthanum carbide particles with overall (wherein x is between 0,5 and 1 1) Fe'c fwherein ^ k 

diameters between 20 and 40 nm have been made. between 0.8 and 1.2). and BC, (wherein x is beS^een W and 

In contrast to nanoscale materials, whiskers are crystalline ^•3)- Additional examples of binary carbides include 2i-C 

solid structures generally having diameters between 1-100 VC„ TaC„ CrC^ MoC„ WC . NiC LaC Cec"" 

microns, although diameters as small as 0.1 microns have PrC„ NdC„ SmC„ GdC„ DyC„ HoC EK: and Ybc" 

been observed. Examples of ternary carbides include carbonitrides' 

cirn.fl* ADv T^T. carboborides, and carbosilicides and others such as TiN C ' 

SUMMARY OF THE INVENTION MoN^C„ and SiN^C^ TiB.C,, TiTa.C,. TiSi^C,, 

The invention features a carbide article consisting essen- p m-^^" V" ^l^^^" MoAl^C,, Fcb/,, FeSi^cl 

tiaUy of covalently bonded elements MS M^ and C having n!?'^^"v,^o^5' ^''^'y'^^' ^^i^C,. ZrSi^C,, NbSiC, 

the molar ratio M'.M^:C::l:y:x. The first element M^ is ^'^'>'S ^^^y*^" ^nd WCo^C,. The values of x and y are, 

selected from the first element group consisting of titanium respectively, between 0.1 and 2.1 and between 0 and 0.9. 

silicon, niobium, iron, boron, tungsten, molybdenum.' I ^ °' "'^ '^"^^^^ 'f * ^"^^^ "^^bide consisting 

zirconium, hafnium, vanadium, tantalum, chromium' ^^ft"' „^ °^ the formula ratio of 

manganese, technetium, rhenium, osmium, cobalt, nickel a \: ''^ ^ ^^'^ ° C^ g ' between 0.1 and 0.9), 

lanthanide series element, scandium, yttrium and lanth'a- *e carbide is a ternary carbide consisting essentially of 

num. The second element M^ is selected from a second ^ - M having the formula ratio M'M^yC,. 

element group consisting of nitrogen, boron, phosphorus, l herem, the term "article" includes nanorods, 

zinc, aluminum, copper, germanium, cadmium, indium tin' t^^Ees, shaped forms, and irregular crystalUne or 

lead, thallium, and the elements in the first element gr'oup' ^^orpnous forms, such as dendritic or starburst forms. An 

provided that the first and second elements are not the same' ' ^"f'^ ^ * substantiaUy planar, wavy, 

The value of y is between 0 and 0.9 (eg y is 0 or y is '^°"^S^^^, or helical. An article may have one or more 

between 0 1 and 0.9). The third element C sp^ hybridLd ^°T' textured topology, 

carbon, and the value of x is between 0 1 and 2 1 fe e "^"^ herem, the term "nanorod" means a space-filling 
between 09 and 1.1). The article has an aspect ratio of ''^ f""^'^,^'^ ^° aspect ratio of at least 10 (e.g., at least 50, at 

between 10 and 1000 (e.g., between 50 and 500 or between u ' °' " '° general, the aspect ratio is 

100 and 1000), and has a shorter axis of between 1 and 40 cn ^^'^^^n 100 and 1000, between 

nanometers (e.g., between 1 and 30 nm) ^""^ between 100 and 500, or between 500 and 

In certain embodiments, the article has a sinale crvstal cn ^ ' of between 0.1 and 80 

structure, a polycrystalline structure, or an amorphous^^c- Z ^"^l^^T" .1 """L P''^"'""^ ^ 

ture. Preferably, element M' is selected from the group befw^nrm inH°sn """'f' / 't?^u °^ ' ^ 

consisting of titanium, silicon, niobium iron toron "^'^^^ ^.02, 50 ^^m. and preferably between 0.5 and 25 

tungsten, molybdenum, or gadolinium, or from the group In! nanorods are solid, being neither hollow 

consisting of titanium and lihcon. Preferably sea3nnre „ t^O°P«° ^^ds. nor hollow with two sealed ends. 

mcntM^ is selected from the group consisting of boron and T^"! "l^ "npmties in or on the carbide lattice 

nitrogen, wherein y is greaterlhan 0 (e.g., between 01 and T r <^^'*''^,f ° '^'^'°8en (up to 2%), 

0.9). In one aspect, the article is a nanorc;d ''^Z'' ^J^^ '° 1^>' """^ ^P, hybridized 

The nanoscale carbide articles of the invention are usefiil Myl r°eacuL^e,^ov-^ f ^'l""'!" 

materials having metallic, semiconducting; insulating 60 ' - 

superconducting, or magnetic properties or a comhina inn agents) used in formmg volatile metal and non- 

thereof. TTie novel dim^nsioro'^^he diLlc^'Ss Sn T'tf,. "^"^"'u ""^''^""y 

permitthebuildingofnanostructuresandsu^rmS: SSSei to Srfaront'na'^^ °\ f ^^'-^^y 

ceramic, and polymer composites. For examnle the tensile ^ ( "'^ nanorod. or located in mter- 

strength (kg/iL^ of the dLlosed na^oS^ate 65 t^t^ntSl::^^ the lattice^In some embodiments, 

that of the corresponding whisker. Some embodSente have L '™ of ^U^^rH m "T'^^t 

a lower density of stacking faults, as measure by TEM and 2:at^r^^^,^^ fr^.l^ZSL: iT^ZiT^Tn 
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=3«rx^^?ti^ ^^^^^ 

AS used hlein, the .enn "shon axis" is equivalent to ^Z"'''^"'™^- 
dumeter," meaning the shortest dimeiKion or cross- s The ratio x of carbon to in a binary carbide (M'C ^ nr 
secuonal thickness of a aanorod. Where a nanorod is, e.g., a ternary carbide (M^M^ C ) hbcl^^n Q 1 tn Vl Whl^ 

^ "''.tf'rr*"'; ^ -^^-^ M'isT?;Zr.orHLifpS<^ly brtw^^^^^ 

across the thictoess of the rod, and not the overaU diameter more preferably between 0.9 and 1.1 (x e stoichiomelnc) 

^ ?H °' ""^'^ ^ SeneraUy much greater Where is V, Nb. or Ta. x is preferably beSn 0 7 and 
than the diameter ofthe nanorod. In general, the diameter of lo ^-l- Other preferred ratios are as foUows- Mo and W 

a nanorod is substamiaUy the same along the length of the (0.6-2.1); Cr and Md (0.2-0.7); Tc, Re, and Os (0 7-1 1)- 

nanorod. In some embodiments, a nanorod may have pores, Ni (0.2-0.5); lanthanide elements such as Gd 

grooves, or a fluauaUng diameter (in an embodiments with (0-^1); and B (0.1-0.3). The value for y is' 

a fluctuating diameter, the diameter is the average diameter). between 0 and 0.9. y being 0 in binary carbides. Stoichio- 

As used herein, the term "length" means a longitudinal is carbide nanorods have enhanced conductivity and 

dimension (or approximation) of the nanorod that is chemical reactivity, due to fewer carbon vacancies 

orthogonal to the diameter of the nanorod. Length is not the ^h^ properties of the disclosed, highly anisotropic nano- 

overall size of a helix or overlapping network, which (if determined in Qumerous ways known to those in the 

made of only one nanorod) is generally shorter than the These methods include transmission electron micros- 
length of the nanorod. If a helix or network is made of more 20 '^°Py (TEM) to measure stacking fault density enerev- 

than one nanorod, the length of a nanorod may be larger or dispersive X-ray fluorescence to measure presence of 

smaller than the overaU length of the helix or network. nonmetals, metals, and impurities having a mass greater than 

°^ sodium; electron enerev loss SDectm.«^nu m 

DETAILED DESCRIPTION OF TOE measure the hybridization of carbo^^powderTraT^ftac 

INVENTION tion (XRD) to measure the crystal lattice stnicLrand 

The invention is based, in part, on the discoverv that ''""''ergent beam electron diffraction to measure lattice 

carbon nanotubes are esse'ntiaUy compliJely convert' d to ' " ' 

solid, covalently bound binary (or ternary) carbide nanorods f ^^°°^'>^ also characterized by crystal structure 

Conversion of nanotubes to carbide materials is essentially l^m°'P*">"s. polycrystallme, or single crystal). The crystal 
complete. In general, greater than 70% and typically 80% of ^° ^.^'^"'^6 can be affected, in part, by the temperature and 

the carbide materials are nanorods (having an aspect ratio of „ amorphous carbide materials are 

at least 10 and a diameter between 1 and 40 nm) the fmno^T?" "Stained at low reaction temperatures, e.g., below 

remaining 20% being carbide materials having aspect r'atios , ■ , ^^^^ ^^^"^ ^- Second, polycrystalline 

less than 10, i.e. . closer to particulates. Typically, the nano- "^.'^ are generally obtained under conditions where: (i) 

rod products have been shown to consist of at least 90% (and ""'^'^a^ion of the carbide occurs at multiple uncorrelated 

generaUy 95%) sp^ hybridized carbon and the designated « ? ''^'^^ ^^ S-' °anotube) and (ii) there 

metal or nomnetal elements and M^ the remaining ^ "^"'^"^i' e°ergy or time for the uncorrelated crystalline 

5-10% being impurities such as oxygen, silicon, halogen or m '° '^"^^^^ ^ single crystal structure, 

tellunum, or combinations thereof. ' Nevertheless, temperatures required to produce polycrystal- 

nie disclosed nanorods have the formula ratio M^M^ C ^ ,o°l ^'^y^ ^^'gher than temperatures required 

and a diameter of between 1 and 40 nm and an as^^J /aUo '° f^^J- -^^-o'Pbo- phase of the same cart,ide. 

of between 10 and 1000. The diameter of the nanorods can u "7 matenals are generally obtained 

be controlled in large part by the carbon nanotube precursor r^nH^^f T "t^^^ "^"^^ ^' ^ ^'"^^^ ^ite (e.g.. 

In some embodiments that contain silicon, the diameter of I * ! ° nanotube), and the growth of the carbide 

the prexiuct increases slightly. This increase can be mini- *^ P*"^^^ ^f^^ »his single site. Alternatively, it 

mized by reducing reaction time ^. P°^"''<> * polycrystalline material to rearrange into a 

samarium, europium, gadolinium "erbTum dv^nrir' '^"""jlPf^^ nonumform radial doping in nanorods. While 
holmium, erbium. th„1i3 yt^eVbtm ^Ld Tute^ Z' T "^^^ ^ P'^^^^^^' "^^ ^^^^^'i™ 
scandium, yttrium and Unthalum P;efe,^.d M^^ " also encompasses straight, helical, cmsslinked, and net- 
titanium. ' sflicon, niobium ton boron gadohniur "onlfrrjrJ 1 " 

— vj=: quari-^i^^r^^^ 

niobium, iron boron, tungsten, molybdenum, gadolinium mechanical strenmh (e g T^e fnH T°'''1 

zirconium, hafnium, vanadium, tantalum, chromium 6S reactivity ^ ^ ' '"^"^''^ 

manganese, technetium, rhenium, oanium cobah nickel iw.fi,^ i • u 
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larger than the disclosed aanorods. Therefore, a novel pro- 
cedure is necessary for measuring the tensile strength of 
aanorods, such as using an atomic force microscope to apply 
known loads to a nanorod until it fractures or plastically 
deforms. A linear extrapolation based on T. Takahashi, J. 
Electrochem. Soc. 117:541 (1970) suggests that the tensile 
strength of nanorods is over ten limes that of the corre- 
sponding whisker (10 microns in diameter), and possibly as 
much as 8000 times greater. 
Synthesis 

The nanorods disclosed herein are synthesized by the 
reaction of carbon nanotubes with a volatile metal or non- 
metal species. In general, the reaction is carried out under 
static conditions in a sealed quartz tube with the reaction 
temperature dictated by the gas-phase transport of the oxide/ 
halide reactants and carbide growth (see Examples 1-5). The 
carbon nanotube reactants need not be anchored or tensed in 
any way to produce essentially straight nanorod products. 
Reaction temperatures are generally between 500 and 2500° 
C, and preferably between 600 and 1700° C. In general, the 
reaction can be monitored by measuring the conversion of 
carbon nanotube to carbide article and the structure of the 
carbide article. 

The carbon nanotube reactants used in these vapor-solid 
reactions were obtained from metal-catalyzed growth using 
ethylene and hydrogen, adapted from C. E. Snyder et al. WO 
89/07163 (1989), or are commercially available from Hype- 
rion Catalysis International, Lexington Mass. This proce- 
dure yields relatively pure nanotube samples compared -mlh 
arc-dischatge methods, although some nanotubes exhibit : 
poor crystallinity. Alternatively, nanotubes may be prepared 
by arc discharge procedures as described, for example, by S. 
lijima, Nature 354:56-58 (1991), T. W. Ebbesen and P. M. 
Ajayan, Nature 358:220-222 (1992), and D. T. Colbert et al. 
Science 266:1218-1222 (1994). 

In general, it is preferred to use nanotubes having fewer 
carbon defects. A defect includes any irregularity or nons- 
toichiometery in the crystal structure, sucb as a missing 
carbon atom (vacancy), a missing carbon — carbon bond 
(dislocation), or a stacking fault. Defects can be repaired or ' 
minimized by annealing the nanotubes in an inert (e.g.. He 
or Ar) atmosphere at temperatures exceeding 1400° C. and 
preferably between 1400 and 2000° C. Annealing not only 
repairs defects but also improves both straightness and 
crystallinity of the graphitic nanotubes, which are generally t 
highly curved. 

Turning to the source of a metal or nonmetal, an important 
consideration is the volatility of the material under the 
chosen reaction conditions. A volatile metal or nonmetal 
oxide species (source of M*, and if present) is obtained 5 
by combining commercially-available reagents selected 
from the group consisting of a pure metal or noiHnetal, a 
metal or nonmetal oxide, a halogen transport molecule, and 
a halogen transport agent. At least one mole equivalent, and 
generally between 2 and 10 mole equivalents, of a metal or 5 
nonmetal reactant is used. 

A carbon source (e.g., nanotube) is reacted with, for 
example, (i) a pure transition metal and a halogen transport 
molecule selected from the group consisting of I^, Brj, CI2 
or a transport agent such as TeCl4, or (ii) a metal or nonmetal 6 
oxide and a halogen transport agent to form a binary carbide. 
Ternary carbides are fomied from two corresponding metal 
or nonmetal reagents, such as a pure metal or nonmetal, a 
halogen transport molecule, and a nitrogen source such as 
N2 or NH3. Transition metals are generally not sufiSciently 6 
volatile under reaction conditions, but wHX form volatile 
complexes with the above-described halogen reagents. In 



addition, the transport agent TeCl^ forms volatile species 
with most nonvolatile oxides, including MnOj and MoOj. 
Some reactants are generated in situ, such as B2O2, which 
was generated in situ by heating elemental boron and Tio^ 

; powder. Specific examples of such reagents include TiO, I2, 
B2O2, FeClj, and SiO. Additional examples and guidance 
are found in H. Schafer, Angew. Chem. Int. Ed., Engl. 
10:43-50 (1971). Commercially-available reagents gener- 
ally do not require pre-trealment before use, since their 

J purity is typically §99%. Commercial sources include Aid- 
rich Chemicals, Milwaukee, Wis., and Johnson-Mathey, 
Ward HiU, Mass. 

Examples of binary carbides include ZrC^, HfC„ VC^, 
TaC^, CrC^, MoC„ WC^, and NiC, (formed, e.g., by reaction 
of pure metal and halogen transport molecule wi± a carbon 

5 source); and LaC^, CfeC,, PrC^, NdC„ SmC,, GdC^ DyC,, 
HoC^ ErC„ and YbC, (formed, e.g., by reaction of metal 
oxide and halogen transport agent with a caibon source). 
Examples of ternary carbides include TiN^C^ MoN^C^ and 
SiNyC^ (formed, e.g., by reaction of pure metaVnonmetal, 

) halogen transport molecule, and nitrogen or ammonia with 
a carbon source); TiB^C,, TiTa^C,, TiSi^C^ TiNb C,, 
MoSi^C„ MoB^C,, MoGa^C^ MoAl^C,, FeB^C^, FeSi,C^, 
FeNi^C„ SiB^C,, TaSi C„ WSi„C„ ZrSi^C,, NbSi^C,, 
CrSi^C„ and WCo^C^ (formed, e.g., by reaction of metal 

> and halogen transport molecule with a carbon source); and 
MoSiyC„ WSiyC^ ZrSiyC,, NbSi^C,, CrSi^C,, WCo^C,, 
NdB^C^ and FeNdyC, (formed, e.g., by reaction of metal 
oxide and halogen transport agent with a carbon source). 
Without intending to be bound, it is believed that the 

) mechanism involves template-mediated growth, whereby 
carbon nanotubes define the diameter of the product carbide 
nanorods formed following reaction with a volatile species. 
This is supported by the similarity of the average nanorod 
diameters (and morphologies in the case of polycrystaUine 

: NbC) to that of the starting nanotubes. Catalytic growth 
and/or sintering of small nanotubes may also be involved. In 
principle, template mediated growth will produce carbide 
nanorods of any stable metal carbide. 
Solid carbide nanorods (SiC, HC, NbC, FejC, and BCJ 

i have been prepared in high-yield with typical diameters 
between 2 and 30 nm and lengths up to 20 /an (see Examples 
1-5 below). 
Use 

The disclosed nanoscale articles are used in the prepara- 
tion of nanostructures having a superior combination of a 
uniquely small size and mechanical, electrical and/or mag- 
netic properties, suitable for electrodes in nanoscale batter- 
ies and for high density magnetic recording media. Small 
diameters and high aspect ratios also make the disclosed 
articles useful as improved reinforcements in metal, 
ceramic, and organic polymer matrix composites. A carbide 
article disclosed herein can be selected from a wide range of 
metal and nonmetal carbides to suit the chemical properties 
(e.g., resistance, reactivity) or physical properties (e.g., 
coefBcient of thermal expansion) desired for a particular 
composite. Specific products include cutting tools, engineer- 
ing composites such as gas turbine blades and automotive 
ceramics, and implantable medical devices such as artificial 
limbs and joints. Conductive or semi-conductive nanorods 
are also useful as "defects" embedded within a supercon- 
ductor to pin vortices in high-temperamre, high critical 
ciurent density superconductor wires (e.g. copper oxide), 
see P. Le Doussal and D. R. Nelson, Physica C 232:69-74 
(1994). Finally, the disclosed nanoscale articles are used in 
basic research to probe the effects of confinement and 
dimensionality in metallic, semiconducting and supercon- 
ducting materials. 
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Without further elaboration, it is believed that one skilled 
in the art can, based on the description herein, utilize the 
present invention to its fullest extent. All patents and pub- 
lications cited herein are hereby incorporated by reference. 
The following specific examples are, therefore, to be con- 
strued as merely illustrative, and not Umitative of the 
remainder of the disclosure. 

EXAMPLES 



Example 1 

Titanium carbide nanorods were made according to two 
different methods, Method A and Method B. 

Method A. The starting mixture was composed of 20 mg 
of carbon nanotubes produced as described above, and a 
compacted, solid pellet consisting of a 10-fold molar excess 
of TiO powder. After sealing the starting mixture under 
vacuum (1x10"' torr) in a quartz tube, the tube was placed 
in the center of a tube furnace equilibrated at a temperature 
of 1350° C. for 12 hours. Then the fiiraace was turned off 
and allowed to cool naturally to room temperature. After 
removing the quartz tube from the furnace and opening it to 
the atmosphere, the unreacted TiO powder, stiU in pellet 
form, was manually removed from the black nanorod 
product, which had a fine, powder-like consistency. The 
nanorods were poured from the quartz tube £ind thoroughly 
washed with ethanol and dried in air. 

Method B. In the second method, the same procedure 
described in Method A was followed, except an amount of 30 
solid iodine corresponding to 1 mg l^ per cm^ of the quartz 
reaction tube was added to the tube, and the quartz tube was 
heated at 1200° C. for 24 hours. 

The morphology and structure of the products obtained 
from the reaction of TiO and carbon nanotubes at 1375° C. 35 
were determined. Transmission electron microscopy (TEM) 
images of the reaction product revealed straight and 
smoothly curved, solid rod-like structures that were distinct 
from the irregularly curved and hollow carbon nanotube 
reactants. These images also showed that the diameters of 40 
the rod-like products were similar to that of the carbon 
nanotubes (1-30 nm), and that the lengths typically 
exceeded 1 /an and were measured up to 40 fan. Energy 
dispersive X-ray fluorescence and electron energy loss spec- 
troscopy measurements demonstrated that these nanorods 45 
contained only titanium and sp'^ -hybridized carbon, and thus 
are consistent with the complete conversion of the carbon 
nanotubes into titanium carbide (TiC). 

This formulation was further established by structural 
analyses. Powder X-ray difiraction (XRD) measurements on 50 
nanorod samples produced using either TiO or Ti+lj exhib- 
ited diffraction peaks that were indexed to the known cubic, 
rock salt stracture of TiC with no evidence of either graphitic 
(nanotube reactant), Ti-metal or H-oxide peaks present. The 
measured lattice constant, a-4.326 A, was consistent with a 55 
stoichiometry TiC^ x-1. TEM and electron diffraction stud- 
ies of single nanorods revealed smooth, regular saw-tooth, 
and irregularly faceted morphologies. The TiC nanorods 
also appeared to be single crystals with a very low density 
of stacking faults. Convergent beam electron diffraction 
patterns recorded along the <111> zone axis perpendicular to 
the axis of the smooth nanorod exhibited a lattice constant 
and six-fold symmetry corresponding to the (111) planes of 
cubic "nc. These data suggested that the axis of the smooth 
TiC nanorods was [110] for this morphology as weU. The 
[110] direction is not unique for the TiC nanorods. In the 
inegularly faceted nanorods, high-resolution TEM and elec- 



60 



tron diffraction demonstrated that the growth direction was 
[111], and further showed that the TiC nanorods contained 
single crystal domains often exceeding 1 /an in length. The 
saw-tooth morphology has obvious advantages for some 
applications (e.g., composites). 

Example 2 

Sic nanorods were synthesized according to two meth- 
ods. In the first, the same procedure described in Method A, 
Example 1 was followed, except SiO powder was substi- 
tuted for TiO powder, and the quartz tube was heated at 
1300-1400° C. for 2 hours, then cooled to room temperature 
over an additional 2 hours. The silicon carbide nanorod 
product was blue-green. 

Id the second, the same procedure described in Method B, 
Example 1 was followed, except SiO powder was substi- 
tuted for TiO powder and the quartz tube was heated at 
1150° C. for 2 hours. Structural and composition analyses of 
the material produced from the reaction of carbon nanotubes 
with Si and I^ were consistent with the formation of silicon 
carbide (SiC) nanorods. TEM images showed that the SiC 
nanorods produced from this reaction were relatively 
straight, solid rods. The diameters of the SiC rods produced 
in the Si+lj reaction at 1200° C. were typically 2-20 nm 
(similar to the diameters of the carbon nanotube reactants), 
with lengths around 1 fan. XRD patterns recorded on bulk 
samples were indexed to the zinc blended P-SiC structure 
and showed no evidence of other crystalline impurities. 
TEM images and electron diffraction data also indicated that 
these single crystal silicon carbide nanorods possessed a 
higher density of planar defects in contrast to the near single 
crystal TiC nanorods (see Example 1 above). For SiC 
nanorods with a [111] rod axis, the defects corresponded to 
rotational twin stacking faults; similar defects have been 
identified previously in much larger SiC whiskers. The rod 
axes lay along the [111] direction in all of the nanorods 
prepared at 1300-1400° C. using SiO as the volatile silicon 
reactant, but at the lower Si+lj reaction temperatures 
(1100-1200° C.) this direction was not unique. A high- 
resolution TEM image of one 7 nm diameter SiC nanorod 
produced at 1200° C. showed that the rod axis lay along the 
[100] direction, although small defect regions with a [111] 
direction were also present. 

Example 3 

Twenty milligrams of carbon nanotubes and a 10-fold 
molar excess of pelleted elemental niobium powder were 
sealed under vacuum (1x10"' torr) with an amoimt of iodine 
corresponding to 1 mg/cm' volume of the quartz reaction 
tube. The tube was placed in the center of a tube furnace 
equilibrated at 750° C. for 35 hours, then cooled to room 
temperature in 30 minutes. The quartz tube was opened to 
atmosphere, and the remaining unreacted Nb was removed 
in pellet form. The black nanorod product was poured from 
the quartz reaction tube, washed thoroughly with ethanol, 
and then dried. 

XRD showed that this reaction resulted in the complete 
conversion of the nanotubes into the cubic, rock salt phase 
of NbC. TEM images and selected area electron diffraction 
showed that the NbC nanorods produced in these reactions 
were polycrystalline with morphologies similar to the car- 
bon nanottibe starting materials. Significantly, these poly- 
crystalline nanorods were also found to be superconducting 
like bulk NbC, as shown by magnetization measurements 
made as a fiinction of temperature (T^-9° K.). The poly- 
crystalline structure was likely due to the low reaction 
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temperature (750° C), and thus it should be possible in the 
futtire to optimize the growth conditions and produce single 
crystal NbC nanorods by raising the reaction temperature. 
The present reaction conditions also yielded unique 
morphologies, such as helical nanorods, which are believed 
to result from a direct conversion of helical carbon nanotube 
reactants. The NlsC nanorods had diameters of between 2 
and 30 nm, and lengths generally greater than 1 micron. 

Example 4 

Twenty milligrams of carbon nanotubes and a 10-fold 
molar excess of anhydrous FeClj powder were scaled under 
vacuum (1x10"^ torr). The tube was placed in the center of 
a tube furnace equilibrated at 1350° C. for 12 hours, then 
cooled to room temperature in 2 hours. The quartz tube was 
opened to atmosphere, and the remaining unreacted FeClj 
was removed from the black nanorod product by repeated 
washing with ethanol. The black FcjC nanorod product was 
poured from the quartz reaction tube was dried in air. 

TEM analysis demonstrated that the solid, amorphous 
nanorods consisted of covalently bonded Fe and C. Magne- 
tization measurements showed that the iron carbide nano- 
rods were ferromagnetic. The iron carbide nanorods had 



black nanorod product was poured &om the reaction tube, 
washed thoroughly with ethanol, and dried. 

Analysis showed the solid nanorods consisted of 
polycrystalline, covalently bonded boron and carbon. Tbe 

^ boron carbide nanorods had diameters of between 2 and 30 
nm, and lengths generally greater than 1 micron. In addition, 
the nanorods were shown to have insulating properties. 
Using a scanning probe microscope and modified lithogra- 
phy techniques, a single nanorod was contacted on one end 

10 with a gold electrode. A second movable probe electrode 
was contacted with the single nanorod at different points, 
and conductivity was measured. 

OTHER EMBODIMENTS 

IS 

From the above description, the essential characteristics 
of the present invention can be ascertained. Without depart- 
ing &om the spirit and scope thereof, various changes and 
modifications of the invention can be made to adapt it to 
20 various usages and conditions. Thus, other embodiments are 
also within the claims. 

What is claimed is: 

1. A carbide nanorod consisting essentially of TiC, NbC, 
FejC, or BC^ in which x is between 0.1 and 2.1, inclusive. 



diameters of between 2 and 30 nm, and lengths generally ^5 wherein said nanorod has an aspect ratio of between 11 and 



greater than 1 micron. 



Example 5 



Elemental boron powder and titanium dioxide powder 
were mixed thoroughly in a 1:1 molar ratio and placed in a 30 
crucible boat in an amount equivalent to a 10-fold molar 
excess relative to 20 mg of carbon nanotubes. Twenty 
milligrams of carbon nanotubes and the B-HOj mixture 
were separately placed in a horizontal quartz tube open at 
both ends, and in turn, the horizontal quartz tube was placed 35 
in a horizontal tube furnace. The end of the quartz tube 
nearest to the B-TiOj mixture was fitted with a gas inlet 
through which argon gas was slowly flowed. The other end 
of the quartz tube (nearest to the nanotubes) was fitted with 
a flexible tube connected to a bubbler. The argon flow was ^ 
adjusted to produce about 1 bubble/second. 

After flowing argon through the quartz tube for 30 min- 
utes to purge atmospheric gases, the furnace temperature 
was increased to 1400° C. over a period of 1 hour. The 
furnace was maintained at 1400° C. for 2 hours, turned off, 
and allowed to cool naturally to room temperature. The 
quartz tube was opened to atmosphere, and the remaining 
unreacted B-HO, was removed in the crucible boat. The 
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1000, and has a shorter axis of between 1 and 40 nanom- 
eters. 

2. A carbide nanorod consisting essentially of covalently 
bonded elements M^, M^ and C having the molar ratio 
M\M^:C::l:y:x, 

wherein said first element M^ is tungsten, molybdenum, 
zirconium, hafnium, vanadium, tantalum, chromium, 
manganese, technetium, rhenium, osmium, cobalt, 
nickel, a lanthanide series element, scandiiun, yttrium, 
or lanthanum; 

said second element M^ is nitrogen, boron, phosphorus, 
zinc, aluminum, copper, germanium, cadmium, 
indium, tin, lead, thallium, or the elements in said first 
element group, in which y is between 0 and 0,9, 
inclusive, provided that said first and second element 
are not the same; and 

said third element C is carbon, in which x is between 0.1 
and 2.1, inclusive; 

wherein said nanorod has an aspect ratio of between 11 
and 1000, and has a shorter axis of between 1 and 40 
nanometers. 
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ABSTRACT 



The present invention provides a powerfial new method for 
producing, uniform sized and uniformly aligned nanotubes 
through catalytic pyrolysis of a hydrocarbon within the 
dense, uniform and parallel pores of alumina nano- 
templates. The catalyst, Co, Fe, Ni or another suitable 
substance is deposited electrochemically into the bottom of 
the channel of the alumina template. The nanotubes with any 
desired diameter in the range 5-500 nm and lengths up to 
-100 fira, are generated by the pyrolysis of a suitable 
hydrocarbon inside the pores of the alumina template with at 
least one end open at the alumina/air interface. The nano- 
tubes may be filled by metals using for example electroless 
deposition. 

23 Claims, 5 Drawing Sheets 
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FIG. 2 

SEM image of exposed carbon nanotubes after etching 
partially away template surface by NaOE solution. 
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FIG. 3a 

Electron diffraction pattern of carbon nanotubes 




FIG. 3b 

Electron diffraction pattern of nickel filled carbon nanotnbes 
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FIG. 4a 

TE1£ images of carbon lu^otubes 




FIG. 4b 

TSM linage 0! nickel fflHed carbon nanotubes 
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FIG. 5c FIG. 5d 

TEU images of a) Ni-P alloy encapsulated within the 
carbon nanotubes, b, d) High resolution images of the 
interface of M-P alloy and carbon, and c) Ni-p alloy 
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CONTROLLED SYNTHESIS AND METAL- 
FILLING OF ALIGNED CARBON 
NANOTUBES 

CROSS REFERENCE TO RELATED UNITED 
STATES PATENT APPLICAnON 

This patent application relates to United States Provi- 
sional Application Serial No. 60/065,692 filed on Nov. 18, 
1997, entitled CONTROLLED SYNTHESIS AND 
METAL-FILLING OF AUGNED CARBON NANO- 
TUBES. 

HELD OF THE INVENTION 

The present invention relates to a method of synthesis of 
aligned carbon nanotubes through catalytic pyrolysis of 
hydrocarbon within alumina nano-templates. The present 
inventioD also relates to a method of filling the inner cavity 
of the nanotubes with metals and more particularly the 
method relates to electroless plating of metals including but 
not limited to Ni, Co, their alloys and other metals into the 
inner cavity of the nanotubes and fiUing the metals inside. 

BACKGROUND OF THE INVENTION 

Carbon nanotube, a novel carbon material, was theoreti- 
cally predicted and experimentally shown to possess unique 
electronic and mechanical properties and is of great scien- 
tific and potential commercial value. Recent studies reveal 
that the diameter, number of concentric cylinders and helic- 
ity of the arrangement of the carbon atoms in the nanombe 
shell determine whether the nanotube has metallic, semi- 
conducting or insulating properties. Hence a wide range of 
materials properties may be "timed in" by changing the 
structural properties of these nanotubes. The stifBiess and 
high strength of these carbon nanotubes make them ideal 
probes in scanning probe microscopy, and efficient field- 
emitters, as recently shown by Smalley's group. Addition- 
ally the inner hollow cavity of the nanotubes may serve as 
nanometer scale test mbes in which to carry out interesting 
experiments with submicroscopic quantities of reagents. 
Nanotubes filled with metallic or semiconducting particles 
might serve as the constituents of novel materials with 
useful magnetic, electrical or electronic properties leading to 
new devices. 

The conventional synthesis methods for carbon nanotube 
include carbon arc discharge (S. Ujima, Nature, 354, 56, 
1991) and catalytic pyrolysis of hydrocarbon (M. Endo, K. 
Takeuchi, S. Igarashi, K. Kobori. M. Shiraishi, H. W. Kroto, 
J. Phys. Chem. Solids, 54, 1841, 1993), which generate 
nanotubes ofien containing traces of the catalyst particles 
used to generate them and possessing highly variable dimen- 
sions. Synthesis of aligned nanotube by pyrolysis of hydro- 
carbon with a patterned cobalt catalyst on silica substrate 
was recently reported by M. Terrones et al. Nature, 388, 52, 
1997 and with iron nanoparticles in mesoporous silica by W. 
Z. Li et al. Science, 274, I70I, 1996. The success&il 
production of carbon nanotubes in an alumina template by 
pyrolysis of propylene has been disclosed by T. Kyotani, L. 
Tsai, A. Tomita, Chem. Mater., 8, 2190, 1996. 

The encapsulation of foreign materials in the carbon 
nanotubes has been disclosed by P. M. Ajayan and S. lijima 
( U.S. Pat. No. 5,457,343). Ni, Fe, Co, rare earth metals and 
their carbides were fotud to be encapsulated in the nano- 
tubes during synthesis of them in carbon arc discbarge by Y. 
Saito et al,/. Phys. Chem. Solids, 54, 1849, 1993, and also 
by C. Guerret-Piecout et al. Nature, 372, 761, 1994. The 



19,901 

2 

metals with a low melting point, such as lead, zinc, 
seleniimi, and molten metal ^t, AgNOj were filled through 
capillarity into the carbon nanotubes, reported by P. M. 
Ajayan et al, Nature, 362, 522, 1993, E. Dujardin et al, 
5 Science 265, 1850, 1994 and by D. Ugarte et al. Science, 
274, 1897. 1996. 

SUMMARY OF IHE INVENTION 

It is an object of the present to provide a method of 
producing carbon nanohibes of imiform size and uniformly 
aligned in the axial direction. 

The present invention provides a powerful new method 
for producing, uniform sized and uniformly aligned nano- 
tubes through catalytic pyrolysis of a hydrocarbon within the 
J J dense, uniform and parallel pores of alumina naoo-emplates. 
The catalyst, Co, Fe, Ni or another suitable substance is 
deposited electrochemicaUy into the bottom of the channel 
of the alumina template. The nanotubes with any desired 
diameter in the range 5-500 nm and lengths up to -100 /im, 
are generated by the pyrolysis of a suitable hydrocarbon 
inside the pores of the alumina template with at least one end 
open at the alumina/air interface. 

The present invention provides a process for filling the 
carbon nanotubes obtained by above method with metal Ni, 
25 Co, Fe, Ag and their alloys by electroless (chemical) plating. 

In one aspect of the invention there is provided a process 
for synthesis of carbon nanotube. The method comprises 
anodizing an aluminum substrate in an elective bath to 
produce an alumina template with a plurality of pores each 
30 having a pore diameter. The method includes depositing an 
efiective catalyst into the pores and exposing the alumina 
template with the catalyst containing pores to an effective 
hydrocarbon gas at an effective temperature to grow carbon 
nanotubes in the pores. Each carbon nanotube has an outer 
35 diameter not greater than to the pore diameter in the template 
in which the carbon nanotube is produced. 

In another aspect of the invention there is provided a 
process for producing metal containing carbon nanotubes, 
comprising: 

40 a process for producing metal containing carbon 
nanotubes, comprising: 

anodizing an aluminum substrate in an effective bath to 
produce an alumina template with a plurality of 
pores each having a pore diameter; 

45 depositing an effective catalyst into the bottom of the 
pores; exposing the alumina template with the cata- 
lyst containing pores to an effective hydrocarbon gas 
at an effective temperature to grow carbon nanotubes 
in the pores, each carbon nanotube having an outer 

50 diameter not greater than to the pore diameter in the 

template in which the carbon nanotube is produced; 
and 

depositing a metal into the nanotubes. 
In this aspect of the invention the metal may be deposited 
55 into the nanotube by electroless deposition. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The process of growth of carbon nanotubes and metal 

filling of the nanotubes will now be described, by way of 
50 example only, reference being had to the accompanying 

drawings, in which: 

FIG. 1 is a scbemadc diagram showing the steps of 

synthesising carbon nanotubes in accordance with the 

present invention; 
65 FIG. 2 is a scanning electron micrograph (SEM) of 

exposed carbon nanotubes after etching partially away the 

template surface in an NaOH solution; 
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FIG. 3a shows an electron diSraciion panern of caibon 
nanotubes produced according to the present invention; 

FIG. 3b shows an electron diffiraction pattern of nickel 
filled carbon nanotubes; 

FIG. 4fl shows a transmission electron micrograph (TEM) 
of caibon nanotubes produced by the present method; 

RG. 46 shows a TEM of nickel filled carbon nanotubes; 

FIG. 5a shows transmission electron micrographs of Ni-P 
alloy encapsulated within the carbon nanotubes; 

FIGS. Sb and Sd show high resohition images of the 
interface of Ni-P alloy and carbon; and 

FIG. 5c shows a high resolution TEM of Ni-P alloy. 

DETAILED DESCRIPTION OF THE 
INVENnON 

The process of synthesizing carbon nanotubes is showed 
schematically in FIG. 1. Anodic oxidation of an aliuninum 
(99.99%) substrate 10 was carried out in 0.3 M of oxalic acid 
bath at cell voltages of 25, 40, 50 and 65 V respectively at 
18° C. While the oxalic acid bath is preferred, other anod- 
izing electrolyte media such as sulphuric, phosphoric and 
chromic acids may also be used. In these examples the film 
thickness was controlled to lie in the range 4—10 /mi by 
selecting the anodic oxidation time appropriately. Under the 
present experimental conditions, the film thickness is cal- 
culated using the formula: D=altVA; where a is an experi- 
mentally determined constant equal to 0.017 fan/(mAcm~^ 
min); / is the anodizing current in m A; t is tbe anodizing time 
in minutes, and A is the aluminum sample area in cm^. Films 
in the range 1-100 fim may be generated in this way. The 
anodized alumina templates 12 were immersed in 0.1 M 
phosphoric acid at 30° for 30 min. to widen the pores and to 
thin the barrier layer. After widening, the average pore 
diameter of the pores 14 in template 12 obtained at cell 
voltages of 25, 40, 50 and 65 V are 20, 35, 50 and 70 nm, 
respectively. The pores 14 are straight, uniform and parallel 
as shown in the diagrammatic representation in FIG. 1. 

A cobalt (or iron) catalyst sample 16 approximately 200 
nm in length was electrochemicaUy deposited at the bottom 
of the pores using 14 V and 100 Hz of AC cell voltage for 
30 seconds in a bath consisting of 240 g/I of CoSO^'THjO, 
(or 120 g/1 of FeSO^«7H20) 40 g/1 of HBO, and 1 g/1 of 
ascorbic add. The cobalt-containing templates 12 were 
placed in a tube furnace and reduced at 600° C. for 4-5 hours 
in flowing CO (100 mVmin). Then a mixture of 10% 
acetylene in nitrogen was introduced into the reactor at a 
flow rate of 100 ml/min. Acetylene was decomposed by 
pyrolysis in the temperature range 640° C. to 700° C. to form 
the carbon nanotubes 20 in the template channels. While this 
is a preferred temperamre range the acetylene may be 
decomposed in a range from 600° C. to about 800° C. In 
addition to acetylene, it will be understood that other hydro- 
carbon containing gases may be used, for example propy- 
lene and methane to mention just a few. 

After formation, the nanotubes 20 were annealed to 
further graphitize the tubes at 700° C. in flowing nitrogen for 
15 hours. FIG. 2 shows SEM image of the nanotubes whose 
ends were exposed by partially etching the alumina template 
with a NaOH solution. The nanotubes 20 are perpendicular 
to the template 12. Their ends at the alumina/air interface are 
open and their outer diameters correspond to the inner 
diameters of the pores 14. An electron dif&action pattern 
(FIG. 3a) recorded for a bundle of the nanotubes that had 
been released from the alumina template by dissolving the 
latter in a NaOH sohition, (FIG. 4fl) reveals an ordered 



graphitic arrangement within the bundles. The inter-layer 
spacing in the 002 direction (doo^) deduced from the electron 
diffraction data is ajjproximately 3.45 nm, which is close that 
value in graphite (d(jQ2=3.35 nm). 

s Electroless nidcel deposits were produced in an acid bath 
consisting of 30 g/1 of nickel chloride. 10 g/1 of sodium 
hypophosphite, 50 g/1 of sodium acetate and ammonia to 
pH°5. Tbe alumina templates containing carbon nanotubes 
were washed with acetone then with distilled water. The 

10 washed templates were dipped in the electroless deposition 
bath for 20-30 min at 25-40° C. The reaction producing the 
nickel deposit can be formulated as: 

SNaHiPOj+SHjO+NiCIj-^SNsHjPOj+MCl+lHj+Ni' 

IS It was found that addition of 0.5 g/1 of quinhydrone 
improved the deposition. The quinhydrone may function as 
a surfactant to increase the wetting of the walls of nanotubes 
by the solution and as a pH stabilizing agent. Other 
surfactants, such as gelatine, Dodecyl sulfate sodium salt, 

20 are also anticipated to improve the wetting efficacy of the 
deposition solution. After completely dissolving the alumina 
template using 0.1 M NaOH solution at 60-80° C, the 
metal-containing nanotubes (FIG. 4A) could be separated as 
an insoluble precipitate. An electron diffraction pattern (FIG. 

25 3b) recorded for the bundle of nickel-containing nanotubes 
exhibits clear diffraction spots corresponding to Nickel 
metal, which coincidentally almost overlaps the difiaction 
rings produced by the caibon layers of the nanotubes due to 
the near-correspondence of some of the lattice constants. A 

30 lattice constant of approximately 3.52 nm is obtained from 
the electron difiraction pattern of the deposited metal. The 
high-resolution TEM image (FIG. 5) shows that the depos- 
ited metal is highly crystalline. An EDX analysis of the 
metal encapsulated in the nanotubes shows it to be a 

35 nickel/phosphorous mixture with an average Ni/P ratio of 
94% Ni and 6% P. 

While nickel, cobalt and iron are preferred catalysts for 
deposition into tbe pores of tbe anodized aluminum template 
for growth of the carbon nanotubes, it is anticipated by the 

40 inventors that other suitable or effective catalysts may be 
used. For example, the metals below each of these three 
preferred metals are reasonably expected to work to some 
degree. 

Similarly, those skilled in the art will appreciate that 
45 numerous other metals may be deposited into the carbon 
nanotubes once formed. Examples include metals such as 
Ag, Cu, Bi, Pb and Sn may be deposited into the nanotubes 
by electroless deposition. It will also be understood by those 
skilled in the art that the nanotubes may be fiUed with the 
50 metals by electrochemical deposition. 

The present method is highly advantageous over prior art 
methods of growing carbon tubes since in prior art methods 
the lack of catalyst in the pores yields tubes that exhibit poor 
uniformity along the tube axis due to the influence of 
55 diffusion of the gaseous reagents into and out of the pores of 
the template. 

In the present method, it is not necessary to strip off the 
oxide film from the aluminum plate so that a thin film, i.e. 
a film that is not self-supporting, can also be used as a 

60 template allowing one to make tubes of any desired length, 
by tising templates of tbe appropriate thickness in the 
practical range 0.1 fim to over 100 ftm, in contrast to the 
method described by Kyotani et al. {JChem. Mater., 8,2190, 
1996), that requires self-supporting templates and hence is 

65 incapable of making tubes below a minimum length below 
which the template is no longer self-supporting. The present 
method also provides a much more economical method of 
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growing aanotubes since the number of procedural steps is 
decreased. The caiboa nanolubes resulting from catalytic, 
thermal decompositioa result in the growth of much more 
unifonn tubes in the pores in contrast to tubes grown in 
templates without catalyst. s 

The foregoing description of the preferred embodiments 
of the process for producing carbon nanotubes has been 
presented to illustrate the principles of the invention and not 
to limit the invention to the particular embodiments dis- 
closed. It is intended that the scope of the invention be lO 
defined by all of the embodiments encompassed within the 
following claims and their equivalents. 

We claim: 

1. A process for synthesis of carbon nanotubes, compris- 
ing: IS 

anodizing an aluminum substrate in an effective bath to 
produce an alumina template with a plurality of pores 
each having a pore diameter; 
depositing an eSective catalyst into the pores; and 
exposing said alumina template with the catalyst contain- 
ing pores to an effective hydrocarbon gas at an effective 
temperature to grow carbon nanotubes in said pores, 
each carbon nanotube having an outer diameter not 
greater than the pore diameter in the template in which ^5 
said carbon nanotube is produced. 

2. The process according to claim 1 wherein the alumi- 
num substrate is anodized under conditions effective to 
produce said plurality of pores substantially parallel to each 
other. 30 

3. The process according to claim 2 wherem said almm- 
num substrate is anodized in an effective acid bath. 

4. The process according to claim 3 wherein said catalyst 
is selected from the group consisting of Co, Fe, Ni and alloys 
thereof. 3j 

5. The process according to claim 4 wherein said catalysts 
are electrocbemically deposited into said pores. 

6. The process according to claim 5 wherein said hydro- 
carbon gas comprises acetylene. 

7. The process according to claim 6 wherein said hydro- ^ 
carbon gas is pyrolized in a temperature range from about 
600* C. to about 800° C. 

8. The process according to claim 7 wherein subsequent 
to producing said carbon nanolubes, said carbon nanotubes 
are annealed to further graphitize said nanotubes. 

9. The process according to claim 8 including depositing 
a metal into said nanotubes. 

10. The process according to claim 9 wherein said metal 
deposited into said nanotubes is selected from the group 
consisting of Ni, Fe, Co and Ag. 

11. The process according to claim 10 wherein said metal 
is deposited into said nanotubes by electroless deposition 
from an effective electroless deposition bath. 



12. The process according to claim 10 wherein said metal 
is deposited into said nanotubes by electrochemical deposi- 
tion. 

13. The process according to claim 11 wherein said 
electroless deposition bath comprises a surfactant selected 
from the group consisting of quinhydrone, gelatine and 
dodecyl sulfate sodium salts as additives for improving the 
electroless deposition of said metal. 

14. The process according to claim 2 including immersing 
the alumina substrate in an effective solution to widen said 
pores and thin an alumina barrier layer on the interior 
siu'face of said pores. 

15. The process according to claim 11 wherein said 
nanombes are washed prior to electroless deposition of said 
metals. 

16. The process according to claim 9 including dissolving 
the alumina template to separate the carbon nanotubes from 
said template. 

17. The process according to claim 16 wherein said 
alumina template is dissolved in an NaOH solution. 

18. The process according to claim 17 wherein the metal- 
contaicing nanotubes are separated as an insoluble precipi- 
tate. 

19. A process for producing metal containing carbon 
nanotubes, comprising: 

anodizing an aluminum substrate in an effective bath to 
produce an alumina template with a plurality of pores 
each having a pore diameter; 

depositing an effective catalyst into the bottom of the 
pores; 

exposing said alumina template with the catalyst contain- 
ing pores to an effective hydrocarbon gas at an effective 
temperature to grow carbon nanotubes in said pores, 
each carbon nanotube having an outer diameter not 
greater than the pore diameter in the template in which 
said carbon nanotube is produced; and 

depositing a metal into said nanotubes. 

20. The process according to claim 19 wherein said metal 
is deposited into said nanotube by electroless deposition. 

21. The process according to claim 20 wherein said 
catalyst is selected from the group consisting of Ni, Co and 
Fe. 

22. The process according to claim 21 wherein said metal 
deposited into said nanotubes by electroless deposition 
includes a metal selected from the group consisting of Ni, 
Co, Fe, Ag and their alloys. 

23. The process according to claim 21 wherein said metal 
deposited into said nanotubes by electroless deposition 
includes a metal selected from the group consisting of Ag, 
Cu, Bi, Pb and Sn. 
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(57) ABSTRACT 

The present invention includes several nanotube structures 
which can be made using catalyst islands disposed on a 
substrate (e.g. silicon, alumina, or quartz) or on the free end 
of an atomic force microscope cantilever. The catalyst 
islands are capable of catalyzing the growth of carbon 
nanotubes from carbon containing gases (e.g. methane). The 
present invention includes an island of catalyst material 
(such as F62O3) disposed on the substrate with a carbon 
nanotube extending from the island. Also included in the 
present invention is a pair of islands with a nanotube 
extending between the islands, electrically connecting them. 
Conductive metal lines connected to the islands (which may 
be a few microns on a side) allows for external circuitry to 
connect to the nanotube. Such a structure can be used in 
many different electronic and microelectromechanical 
devices. For example, a nanotube connected between two 
islands can function as a resonator if the substrate beneath 
the nanotube is etched away. Also, the present invention 
includes a catalyst particle disposed on the free end of an 
AFM cantilever and having a nanotube extending bora the 
particle. The nanotube can be used as the scanning tip of the 
AFM as is know in the art. 

45 Claims, 6 Drawing Sheets 
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CARBON NANOTUBE STRUCTURES MADE 
USING CATALYST ISLANDS 

HELD OF THE INVENTION 

The present inveDtion relates generally to the fabrication 
of nanotubes, and in particular to methods of fabricating 
nanombe structures from an array of catalyst islands on a 
semiconductor surface. 

BACKGROUND OF THE INVENTION 

Carbon nanotubes are recently discovered, hollow graph- 
ite tubules. When isolated, individual nanotubes are useful 
for making microscopic electrical, mechanical, or electro- 
mechanical devices. Obtaining individual, high quality, 
single-walled nanotubes has proven to be a difficult ta^, 
however. Existing methods for the production of nanotubes, 
including arc-discharge and laser ablation techniques, yield 
bulk materials with tangled nanotubes. The nanotubes in the 
bulk materials are mostly in bundled forms. These tangled 
nanotubes are extremely difficult to purify, isolate, 
manipulate, and use as discrete elements for making func- 
tional devices. 

One conventional method for producing carbon nano- 
tubes is disclosed in U.S. Pat. No. 5,4S2,601 issued to 
Oshima et al. on Jan. 9, 1996. The nanotubes are produced 
by successively repositioning a rod-like, carbon anode rela- 
tive to a cathode surface such that a lip of the anode 
successively faces different portions of the cathode siu'face. 
A direct current voltage is impressed between the tip of the 
anode and the cathode surface so that an arc discharge 
occurs with the simultaneous formation of carbonaceous 
deposits containing carbon nanotubes on the cathode sur- 
face. The carbonaceous deposits are scraped and collected. 

U.S. Pat. No. 5,500,200 issued to Mandeville et al. on 
Mar. 19, 1996 discloses a method for the bulk production of 
multi-walled tubes. According to the method, a catalyst is 
prepared using pariicles of fumed alumina with an average 
particle size of about 100 A. Iron aoetylacetonate is depos- 
ited on the alumina particles, and the resultant catalyst 
particles are heated in a hydrogen/ethylene atmosphere. The 
catalyst particles are preferably reacted with the hydrogen/ 
ethylene mixture for about 0.5 hours in a reactor tube, after 
which the reactor tube is allowed to cool to room tempera- 
ture under a flow of argon. Harvesting of the carbon tubes so 
produced showed a yield greater than 30 times the weight of 
the iron in the catalyst particles. 

Although the methods described by Oshima and Mandev- 
ille are effective for producing bulk amoimts of carbon tubes 
or carbon fibrils, the resulting bulk materials are "hairballs" 
coataining tangled and kinked tubes which one collects into 
vials or containers. These bulk materials are useful to put 
into polymers or metals to make composites that exhibit 
improved properties of the polymers or metals. For making 
functional microscopic devices, however, these bulk mate- 
rials are nearly useless because it is nearly impossible to 
isolate one individual tube from the tangled material, 
manipulate the tube, and construct a functional device using 
that one tube. Also, many of the tubes have molecular-level 
structural defects which results in weaker tubes with poor 
electrical charaaeristics. 

Atomic force microscopes (AFMs) sometimes employ 
nanotubes as the scaiming tip because nanotubes are resilient 
and have an atomically sharp tip. However, the manufac- 
turing of nanotube-tipped AFM devices is problematic 
because the nanotubes must be painstakingly separated from 
disorganized bundles of nanottibes and attached to the AFM 



t6,189 Bl 

2 

cantilever. It would be an advance in the art of atomic force 
microscopy to provide a nanotube-tipped AFM device that is 
simpler to manufacture. 

5 OBJECTS AND ADVANTAGES OF THE 

INVENTION 

In view of the above, it is an object of the present 
invention to provide a method for the large scale synthesis 
of individual distinct single-walled nanotubes. In particular, 
■"' it is an object of the present invention to provide such a 
method which allows nanotube growth to be confined to 
desired locations so that the nanotubes can be easily 
addressed and integrated into structures to obtain functional 
microscopic devices. It is a further object of the invention to 
provide a method for integrating the nanotubes into semi- 
conductor microstructures to obtain a variety of nanotube 
devices. Further, it is an object of the present invention to 
provide a nanotube-tipped atomic force microscope device 
which is simple to manufacture. 

20 

These and other objects and advantages wdl become more 
apparent after consideration of the ensuing description and 
the accompanying drawings. 

SUMMARY 

25 

These objects and advantages are provided by an appa- 
ratus including a substrate and a catalyst island disposed on 
the substrate. The catalyst island includes a catalyst particle 
that is capable of growing carbon nanotubes when exposed 

30 to a hydrocarbon gas at elevated temperatures. A carbon 
nanotube extends from the catalyst particle. The nanotube 
may be in contact with a top surface of the substrate. 

The substrate may be made of silicon, alumina, quartz, 
silicon oxide or silicon nitride. The nanotube may be a 

35 single-walled nanotube. The catalyst may include FejOj.or 
other catalyst materials including molybdenum, cobalt, 
nickel, or zinc and oxides thereof (iron molybdenum, and 
ruthenium oxides are preferred). The catalyst island is 
preferably about 1-5 microns in size. 

^ Tlie present invention also includes an apparatus having a 
substrate with two catalyst islands and a nanotube extending 
between the islands. The nanotube provides an electrical 
connection between the islands, which are electrically con- 
ductive. Conductive lines can provide electrical connections 
to the islands and nanotube. The nanotube may be freestand- 
ing above the substrate. A freestanding nanotube can be used 
as a high frequency, high-Q resonator. 

Alternatively, one of the islands is replaced with a metal 
pad that does not have catalytic properties. 

The present invention also includes an atomic force 
microscopy apparatus that has a catalyst particle disposed on 
a free end of a cantilever. A nanotube extends from the 
catalyst particle. The nanotube can be used as the scanning 

jj tip of the atomic force microscope apparatus. 

The present invention also includes a method of making 
individually distinct nanotubes on a substrate surface. The 
method begins with disposing catalyst islands on the surface 
of a substrate. Then, the catalyst islands are contacted with 

iO methane gas at elevated temperature. The nanotubes grown 
are separate and extend over the surface of the substrate. The 
separate and distinct nanotubes can be incorporated into 
microelectronic or microelectromechanical devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a first step in making nanotubes according 
to the present invention. 
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FIG. 2 shows a second step in making nanotubes accord- 850-1000° C. and flowing 99.99% pure methane over the 

ing to the present invention. catalyst islands 29 at a velocity of about 2-20 centimeters 

FIG. 3 shows a third step in making nanotubes according per second (e.g., for a 1-inch diameter tube, flowing methane 

to the present invention. 3 rate of about 600-6000 cmVmin). Use of these param- 

FIG. 4 shows a top view of a substrate with three catalyst ^ elers results in nanotubes which are substantiaUy perfect and 

islands straight, with no structural flaws (i.e. all the carbon rings in 

, , , . r • 1 . 1 . • 1 J the nanotubes have 6 carbon atoms instead of 5 or 7 carbon 

FIG. 5 shows a closeup top view of a smgle catalyst island ... . ., 

J, atoms). Most of the nanotubes are smgle-walled, with diam- 

which has been used to grow nanotubes. . r u . , c . unT 

„^ , , ,. , eters in the range of about 1-5 nanometers. When grown at 

FIG. 6 shows an apparatus accordmg to the present iooo° C., 90% of the mbes were single-walled; when grown 

invention which has a nanotube connected between a cata- ^, gpg. ^ ^ ^g^^ ^^^^ ^^^^ dngle-waUed. Most of the 

lyst island and a metal pad. nanotubes have diameters in the range of 1-2 nanometers. 

FIG. 7 shows a preferred embodiment of the present The oanombes have large aspect rados (length/diameter) 

invention in which metal covers are disposed on top of the approaching about 10,000, and are very straight (a result of 

catalyst islands and portions of the nanotubes. ^ absence of structural flaws). 

nG.8A-8C illustrate how the metal covers of HG. 7 can ^ ngjed that many dififerent recipes for nanombe 

be made. catalysts are known in the art. For example, Fe(S04) or other 

FIG. 9 shows a side view of a resonator according to the iron salts can be substituted for the FeCNOi)^. The quality of 

present invention made from a freestanding nanotube sup- the nanotubes depends upon the catalyst material used. Iron, 

ported by the ends of the nanotube. 20 molybdenum and zinc oxides are preferred for making high 

FIG. 10 shows a top view illustrating how the apparatus quality tubes. A particularly good catalyst is made with a 

of FIG. 9 can be made. mixture of iron, molybdenum and ruthenium oxides. Most 

FIGS. IIA and IIB illustrate an alternative method of generally, both elemental metals and their oxides can be 

making the apparatus of FIG. 9. used to grow nanotubes. 

FIG. 12 shows an atomic force microscope tip made Also, the nanoparticles can be made of many ceramic 

according to the present invention. materials besides alumina. Silica, for example, can also be 

FIGS. 13A-13D illustrate a method of producing a carbon ^^sed. Generally, refractory oxide ceramic materials can be 

nanotube on a tip of an atomic force microscope cantilever "^ed in place of the alumina nanoparticles. Still further, 

according to the present invention. ,„ nanoparticles may not be used at all. Small quantities of Iron 

salts can be deposited on the substrate (for example, by 

DETAILED DESCRIPTION dissolving in a solvent and evaporating the solvent) and 

FIG. 1 shows a first step in a method of the present heated to decomposition without being mixed with nano- 

invention for making individual carbon nanotubes which are particles. 

individually separable and distinct. A layer of resist 20 is FIG. 5 shows a closeup top view of the island 29 and 

disposed and patterned on a top surface of a substrate 22. substrate after the growth of nanotubes has been performed. 

Patterning can be performed by c-beam hthography. The Carbon nanotubes 3D extend from the island 29 in random 

substrate 22 can be made of silicon, alumina, quartz, silicon directions. The carbon nanotubes 30 are not freestanding, 

oxide or silicon nitride for example. The substrate can also but are disposed in contact with the substrate surface. Also, 

have a metal film on top. ^ the carbon nanotubes are firmly attached to the island 29. 

The patterned resist 20 has holes 24 which expose the The oanombes generally grow in a 'base-growth' mode, 

underlying substrate 22. The holes 24 are about 3-5 microns where new carbon is added to the nanotubes 30 at the point 

in size and spaced apart by a distance 26 of about 10 where they are attached to the island 29. The nanombes are 

microns. The resist may have a single hole or many holes 24. attached at one end to the island, and the opposite end is free. 

Next, in FIG. 2, a solution of Fe(N03)3 in methanol, 45 The nanotubes can be used as resonators by aUowing the free 

mixed with alumina nanoparticles (about 15-30 nanometers e"'^ '° vibrate. 

in size, for example) is deposited on the surfaces of the resist The carbon nanotubes 30 are not tangled together, but are 

20 and substrate 22. In a specific example, catalyst prepa- individually separable. This is due to the fact that a small 

ration includes mixing 4.0 grams of alumina nanoparticles number of nanotubes grow from each island. Also, the 

with 1.0 gram of Fc(N03)3*9H20 in 30 mL methanol for 24 50 nanotubes are spaced apart by a substantial distance, 

hours. After applying the mixture to the substrate, the Typically, about 10-50 nanotubes are grown from each 

solvent (i.e. methanol) is evaporated, leaving alumina nano- island. If larger numbers of nanotubes are grown (e.g. by 

particles coated with metal salt (i.e. F6(N03)3) 28 adhering using a more effective catalyst), then the nanotubes may 

to the resist and in the holes 24. Next, in FIG. 3, a lift-off form bundles. This is undesirable for applications requiring 

process is performed, leaving isolated (nonconnectcd) 55 single distinct nanotubes. However, bundles of nanotubes 

islands 29 of F6(N03)3-ooat6d nanoparticles adhering in can also be useful for many electrical and mechanical 

regions where holes 24 existed. FIG. 4 shows a top view of devices such as interconnects, field effect transistors, single 

the islands 29. electron transistors, and resonators which have only one 

Heating the substrate 22 and nanoparticles decomposes &xed end. 

the Fe(N03)3 to Fe^Oj. This is performed by placing the 60 Individually separable nanotubes are usefiil for the manu- 

substrate in a furnace with an Argon atmo^here and heating facturing of electronic and micromechanical devices 

to about 100-400° Celsius. The Fe203/nanoparticle mixture because individual nanotubes can be incorporated into the 

is an active catalyst which will catalyze the formation of devices by appropriately locating islands 29. Electrical and 

carbon nanotubes when eiqiosed to methane gas at elevated mechanical connections can be made to individual nano- 

temperamre. 6S tubes if they are spatially separated and distinct. 

Growth of single-walled nanotubes is performed by heat- FIG. 6 shows a top view of an electronic device made by 

ing the substrate with catalyst islands in the furnace at about locating the island 29 close to a patterned metal pad 32. A 
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single naootube 30a extends from the island 29 to the metal 
pad 32, thereby providing electrical contact between the 
island 29 and pad 32. The island 29 and pad 32 arc spaced 
apart by a distance in the range of 100 nanometers to about 

5 microns. The island 29 and pad 32 are both electrically 5 
conductive, so patterned conductive lines 33 on the substrate 
surface can provide for macroscopic electrical connections 

to the nanotube 30fl. The nanotube 30a with a macroscopic 
electrical connection on each end can be used in many 
devices including field-effect transistors, single electron 
traosistors, or low current value fuses. 

The conductive lines 33 may be applied to the substrate 20 
before the islands 29 are deposited. In this way, the islands 
rest on top of the conductive hues 33. Also, the conductive 
lines 33 can be disposed on top of the islands (by applying 
the conductive Unes on top of the islands. The conductive 
lines can be deposited before or after the growth of nano- 
tubes. 

The apparatus of FIG. 6 is made by simply locating the 
island and metal pad proximate to one another and catalyti- 
cally growing nanotubes from the island. The closer the 
island 29 and pad 32, the more likely that a nanotube will be 
grown that connects the island and pad. 

Also, two or more nanotubes can simultaneously electri- 
cally connect the island 29 and metal pad 32. If multiple 
nanotubes connect between the island and pad, then all but 
one of the nanotubes can be broken with an AFM lip. This 
is performed by dragging the AFM tip acrx3ss the substrate 
surface so that it bends unwanted nanotubes until they break. 

E'urther, a second catalyst island can be substituted for the 
metal pad 32. In such a device, the nanotube 30a provides 
electrical contact between two catalyst islands 29 instead of 
between an island 29 and a metal pad 32. Metal lines 33 can 
provide electrical connections to each catalyst island as in 
FIG. 6. The same spacing distance can be used (100 nanom- 
eters to about 5 microns) if a catalyst island is substituted for 
the metal pad. 

FIG. 7 shows a side view of a preferred embodiment of 
the present invention in which a metal cover 34 is deposited 
on top of each catalyst island 29. The metal covers 34 can ^ 
be made of platinum or titanium-gold alloy, for example. 
Each metal cover 34 covers a portion of each island 29 and 
covers an end portion 37 of the nanotube 30a. The metal 
cover therefore serves to help hold the nanotube 30a rigidly 
in place. 45 

The metal covers 34 help to provide Ohmic electrical 
connections to the ends of the nanotube 30a. Ohmic elec- 
trical connections with the nanotube are assured by heating 
the apparatus after depositing the metal covers 34. For 
example, heating the apparatus to about 300° C. in air will 50 
result in Ohmic electrical connections between the metal 
covers 34 and nanotube 30a. Metal lines 33 as shown in RG. 

6 can be connected to the metal covers to provide macro- 
scopic electrical connections with the nanotube 30a. Elec- 
trical conduction through the catalyst island is therefore not 55 
necessary. 

The metal covers 34 can be made by lithographically 
patterning the metal comprising the covers 34. FIGS. SASC 
illustrate how this can be done. First, a layer of spin-on resist 
60 is deposited on top of the islands 29 and nanotube 30a. 60 
Next, the resist 60 is etched in regions 61 where the metal 
cover 34 is to be located. The metal comprising the metal 
covers 34 is then deposited (by physical vapor deposition or 
CVD processes, for example), and the resist 60 is removed 
in a lift-off process which leaves only the metal covers 34. 55 

The present invention can provide freestanding nanotubes 
capable of acting as high-Q resonators. FIG. 9 shows a side 
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view of a device including a freestanding nanotube 30b. TIk 
freestanding nanotube 306 is suspended above the substrate 
22 which is depressed in a trench region 35 between the 
islands 29. The trench 35 can be formed by etching the 
substrate. The nanotube 30Z> therefore lies above a surface 
36 of the etched substrate 22 and is supported only by 
nanotube ends 39. The trench 35 and metal covers 34 can be 
combined in the same apparatus. 

The nanotube 30Z> can be resonated by locating the 
nanotube 30b in a magnetic field (perpendicular to the length 
of the nanotube 3Qb) and passing an oscillating current 
through the nanotube. A conductive film 37 capacitively 
coupled with the nanotube 30b extracts a resonant signal 
&om the nanotube. Alternatively, the conductive film 37 can 
be used to electrostatically excite mechanical vibrations in 
the nanotube 30b. 

FIG. 10 shows a top view of the substrate 22 and islands 
29 illustrating how the apparatus of FIG. 9 can be made. 
First, the nanotube 3027 which connects the islands 29 is 
grown. Other nanotubes will also be grown firom both 
islands, but they are not shown for clarity. Then, all regions 
of the substrate except for a region defined by a box 38 are 
masked with resist. Spin-on resist can be used, for example. 
The act of spin-coating resist on the substrate will not 
damage the nanotube 30^. Next, the region inside the box 38 
is exposed to an etcbant which removes substrate material, 
but does not affect the nanotube 30b. Many different 
etchants can be used, depending upon the composition of the 
substrate (e.g. hydrofluoric acid can be used to etch SiO^ or 
Si substrates). Etching the substrate 22 under the nanotube 
306 results in the nanotube being supported only at its ends 
39. Metal lines 33 provide macroscopic electrical connec- 
tions to the nanotube 306 through the catalyst islands 29. 
Also, metal covers 34 can be deposited before or after 
etching the trench 35 to provide Ohmic electrical connec- 
tions to the nanotube and improved mechanical stability for 
the nanotube ends 39. 

An alternative method for making the apparatus of FIG. 
9 is shown in the side views of FIGS. IIA and IIB. In FIG. 
IIA, the substrate 22 is etched to form the trench 35 where 
the nanotube 30b is suspended. Then islands 29 are disposed 
on apposite sides of the trench 35 and nanotubes are grown 
from the islands 29. The nanotube 30b that connects the 
islands grows from one island to the other. Alternatively, one 
of the islands can be replaced with the metal pad 32, in 
which case the nanotube grows from the island 29 to the pad 
32. Also, metal covers 34 can be deposited on top of the 
nanotube 306 and catalyst islands 29. 

The present invention includes an embodiment where the 
freestanding nanotube is only supported on one end by a 
catalyst island 29 (i.e. the freestanding nanotube does not 
extend all the way across the trench 35). The nanotube is 
therefore a cantilever, and can be used as a resonator. 

It is noted that growing nanotubes between islands, or 
between an island and a metal pad is an uncertain endeavor. 
One cannot be sure that a particular arrangement of catalyst 
islands will result in a nanotube connection between a 
particular pair of islands, or bow many nanotubes will 
connect. However, if a pair of islands are spaced less than 
about 10 microns apart, and are at least 1 micron wide, a 
nanotube is likely to connect the pair of islanck. At least one 
bridging nanotube connection can be practically assured if a 
number of islands are disposed with various spacings in an 
array. 

FIG. 12 shows another embodiment of the present inven- 
tion in which a catalyst particle 45 is located on a tip 47 of 
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an atomic force microscope (AFM) cantilever 42. The 10. The apparatus of claim 1 further comprising a metal 

cantilever 42 is supported by a base 49, and has a free end cover which covers an end portion of the nanotube and a 

48 opposite the base 49. The particle 45 may be made of Fej portion of the island. 

O3 (decomposed from Fe(N03)3), for example. The catalyst H- An apparatus comprising: 

particle 45 may or may not have supporting nanoparticles 5 a) a substrate with a top surface; 

(i.e. silica or ahimina particles). The catalyst particle is b) two catalyst islands disposed on the top surface of the 

firmly attached to the tip 47. Nanotubes 30 grown from the substrate; 

particle 45 are firmly attached to the cantOever and are c) a carbon nanotube extending between the catalyst 

atomically sharp. Nanotubes grown from the catalyst par- islands such that the nanotube provides an electrical 

tide can be used as probe tips for AFM. Alternatively, the 10 connection between the catalyst islands, 

cantilever does not have a tip 47, and the particle is disposed 12- The apparatus of claim 11 wherein the nanotube is 

directly on the cantilever 42. disposed on the top surface of the substrate. 

CTz-o 11A J iin 11 . . I, .u . earn 1^. The apparatus of claim 11 wherein the nanotube is 

FIGS^ 13A and 13B tllus^te how the apparatus of FIG^ supported otUy by its ends. 

12 can be made. Fu^t, in FIG. 13A, a substrate 50 is coated 14 ^he apparatus of claim 11 wherein the substrate 

with a gold film 52, and then droplets of Fe(NG3)3 dissolved is ^^^^p^^ ^ j^^^j^.,, ^^^^ jj^^ nanotube so that the nanohibe 

in methanol are deposited on the gold surface. The methanol freestanding. 

is then evaporated leaving only small particles 54 of 15. The apparatus of claim 11 wherein the catalyst island 

Fe(N03)3 on the gold film 52. Next , as shown in FIG. 13B, comprises particles of ceramic material, 

the AFM tip 47 is brought into contact with a particle 54 of 16. The apparatus of claim 11 further comprising a 

Fe(N03)3. An electric field is then applied between the tip 47 20 conductive line in electrical contact with each island, 

and the gold film 52. The electric field causes the Fe(N03)3 17. The apparatus of claim 11 wherein the catalyst islands 

particle to adhere to the tip 47 and may cause the Fe(N0;^3 are separated by a distance less than about 50 microns, 

to decompose into Fe^Oj. Then, in FIG. 13C, the cantilever 18. The apparatus of claim 11, wherein the substrate 

42 and tip 47 with the adhered F6(N03)3 particle 54 is comprises a material selected from the group consisting of 

removed from the gold film 52. In FIG. 13D, the device is 25 silicon, alumina, quartz, silica and silicon nitride, 

heated to fully decompose the Fe(N03)3 particle 54. into The apparatus of claim 11 wherein the catalyst islands 

FejOj. This transforms the Fe(N03)3 particle 54 into a comprise a matenal selected from the group consisting of 

catalyst particle 45 (shown in FIG. 12). Then, nanoUibes 30 «ro^ molybdenum, cobalt, mckel, ruthenium, zmc and 

are grown fam the catalyst particle 45. oxides thereof. ,,.,„^ . ^ , 

30 20. The apparatus of claim 19 wherem the catalyst islands 

An AFM cantilever with a catalytically grov/n nanotube comprise a material selected from the group consisting of 

tip has several advantages over an AFM cantilever with a jjon^ molybdenum, ruthenium and oxides thereof, 

nanotube bonded with other techniques. It is a relatively 2I. The apparams of claim 11 further comprising a metal 

simple task to catalytically grow a nanotube from the cover which covers an end portion of the nanotube and a 

catalyst particle on the cantilever. Also, the nanotube is portion of at least one island, 

firmly bonded to the cantilever. 22. An apparatus comprising: 

It will be clear to one skilled in the art that the above a) a substrate with a top surface; 

embodiment may be altered in many ways without departing t,) a catalyst island disposed on the top surface of the 

from the scope of the invention. Accordingly, the scope of substrate' 

the invention should be determined by the following claims j.) a metal pad disposed on the top surface of the substrate; 

and ^eir legal equivalents. ^ ^^^^ nanotube extending between the caUlyst 

What is clauned is: -^^^^ ^^^^ ^^^(^1 ^^^.i^ ^^^^^ nanotube pro- 

1. An apparatus comprismg: ^^^^ electrical connection between the catalyst 

a) a substrate with a top surface; -^^i^,^^ juetal 

b) a catalyst island disposed on the top surface of the +5 23. The apparatus of claim 22 wherein the nanotube is 
substrate; disposed on the top surface of the substrate. 

c) a carbon nanotube extending from the catalyst island. 24. The apparatus of claim 22 wherein the nanotube is 

2. The apparatus of claim 1 wherein the nanotube is supported only by its ends. 

disposed on the top surface of the substrate. 25. The apparatus of claim 22 wherein the substrate 

3. The apparatus of claim 1 wherein the nanotube is a 50 comprises a trench under the nanotube so that the nanotube 
single-walled nanotube. is freestanding. 

4. The apparatus of claim 1 wherein the catalyst island 26. The apparatus of claim 22 wherein the catalyst island 
comprises Fe203. comprises particles of ceramic material. 

5. The apparatus of claim 1 wherein the catalyst island 27. The apparatus of claim 22 further comprising a 
comprises a material selected firom the group consisting of 55 conductive line in electrical contact with the island. 

iron, molybdenum, cobalt, nickel, rutheniiuu, zinc and 28. The apparatus of claim 22 further comprising a 

oxides thereof conductive line in electrical contact with the metal pad. 

6. The apparatus of claim 5 vvlierein the catalyst island 29. The apparahis of claim 22, wherein the substrate 
comprises a material selected from the group consisting of comprises a material selected from the group consisting of 
iron, molybdenum, ruthenium and oxides thereof. 60 sUicon, alumina, quartz, silica and silicon nitride. 

7. The apparatus of claim 1 wherein the catalyst island is 30. The apparatus of claim 22 wherein the catalyst island 
in the range of 1-5 microns in size. comprises a material selected from the group consisting of 

8. The apparatus of claim 1, wherein the substrate com- iron, molybdenum, cobalt, nickel, ruthenium, zinc and 
prises a material selected from the group consisting of oxides thereof. 

sihcon, alumina, quartz, and silicon nitride. 65 31. The apparatus of claim 30 wherein the catalyst island 

9. The apparatus of claim 1 wherein the catalyst island comprises a material selected from the group consisting of 
comprises particles of ceramic material. iron, molybdenum, ruthenium, and oxides thereof. 
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32. The apparatus of claim 22 fiinber comprising a metal 
cover which covers an end portioa of the oanotube and a 
portion of the island. 

33. An apparatus comprising: 

a) a base; 5 

b) a cantilever extending from the base, the cantilever 
having a free end opposite the base; 

c) a catalyst particle disposed on the free end of the 
cantilever, wherein the catalyst particle is capable of 
catalyzing the growth of carbon nanotubes; 

d) a carbon nanotube extending from the catalyst particle. 

34. The apparatus of claim 33 wherein the catalyst particle 
comprises FejOs. 

35. The apparatusof claim 33 wherein the catalyst particle 15 
comprises a material selected from the group consisting of 
iron, molybdenum, cobalt, nickel, ruthenium, zinc and 
oxides thereof. 

36. The apparatus of claim 33 further comprising a tip on 
the free end, wherein the catalyst particle is disposed on the 20 
tip. 

37. The apparatus of claim 33 wherein the apparatus is an 
atomic force microscopy apparatus. 

38. A method for producing an apparatus with a tip 
comprising a carbon nanotube, the method comprising the 25 
steps of: 

a) providing a cantilever suitable for use in atomic force 
microscopy; 

b) disposing a catalyst particle on a free end of the 
cantilever, wherein the catalyst particle is capable of 
growing carbon nanotubes when exposed to a carbon- 
containing gas at elevated temperature; 

c) contacting a carbon-containing gas to the catalyst 
particle at elevated temperature. 
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39. The method of claim 38 wherein step (b) comprises 
the steps of: 

i) contacting the free end to a particle of Fe(N03)3 
disposed on an electrically conductive substrate; and 

ii) applying an electric field between the free end and the 
substrate. 

40. The method of claim 38 wherein step (b) comprises 
the steps of; 

i) contacting the free end to a particle of Fe(S0j2 
disposed on an electrically conductive substrate; and 

ii) applying an electric field between the free end and the 
substrate. 

41. The method of claim 38 wherein the apparatus pro- 
duced is an atomic force microscopy apparatus. 

42. A method for producing individually distinct carbon 
nanotubes, the method comprising the steps of: 

a) providing a substrate with a top surface; 

b) forming an island of catalyst material on the top 
surface; 

c) heating the substrate and catalyst island; and 

d) contacting the catalyst island with a carbon-containing 
gas for a period of time sufficient to form the naixitubes 
on the catalyst island. 

43. The method of claim 42 wherein the catalyst island is 
about 1-5 microns in size. 

44. The method of claim 42, wherein the carbon- 
containing gas comprises methane. 

45. The method of claim 42, wherein the period of time 
is about 10 minutes. 
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ABSTRACT 



The present invention discloses a new field emitter cell and 
array consisting of groups of nanofilamenls forming emitter 
cathodes. Control gates are microprocessed to be integrally 
formed with groups of nanofilament emitter cathodes on a 
substrate. Groups of nanofilamenls are grown directly on the 
substrate material. As a result, the control gates and groups 
of nanofilamenls are self-aligned with one another. 
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SELF AUGNED INTEGRALLY GATED 
NANOFILAMENT FIELD EMITTER CELL 
AND ARRAY 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a field emitter cell and 
array, in particular, to an integrally gated, self-aligned field 
emitter cell and array whose cathode is formed of a recently 
discovered class of materials of nanotubcs and nanowircs, 
collectively referred to as nanofilamcnts. 

BACKGROUND OF THE INVENTION 

Field emitters anays (FEAs) are naturally anaU structures 
which provide reasonably high current densities at low 
vohages. Typically, FEAs are composed of emitter cells in 
the form of conical, pyramidal, or cusp-shaped point, edge 
or wedge-shaped vertical structures. These cells are electri- 
cally insulated from a positively charged extraction gate and 
produce an electron beam that travels through an associated 
opening in the positively charged gate. 

The typical field emitter structure includes a sharp point 
at the tip of the vertical structure (field emitter) and opposite 
an electrode. In order to generate electrons which are not 
collected at the extraction electrode, but can be manipulated 
and collected elsewhere, an aperture is created in the extrac- 
tion electrode. The aperture is larger (e.g., two orders of 
magnitude) than the radius of curvature for the field emitter. 

Consequently, the extraction electrode is a flat horizontal 
surface containing an extraction electrode aperture for the 
field emitter. Such an extraction electrode is referred to as 
the gate electrode. The field emitter is centered horizontally 
in the gate aperture and does not touch the gate although the 
vertical direction of the field emitter is perpendicular to the 
horizontal plane of the gate. The positive charges on the 
edge of the extraction electrode aperture surround the field 
emitter symmetrically so that the electric field produced 
between the field emitter and the gate causes the electrons to 
be emitted from the field emitter in a direction such that the 
electrons are collected on an electrode (anode) that is 
separate and distinct from the gate. The smaller the aperture, 
i.e., the closer the gate is to the field emitter, the lower the 
voltage required to produce field emission of electrons. 

The sharp point at the tip of the field emitter provides for 
reduction in the voltage necessary to produce field emission 
of electrons. As a result, numerous micro-manufacturing 
techniques have been developed to produce various sharp tip 
designs. Current techniques include wet etching, reactive ion 
etching (RIE), and a variety of field emitter tip deposition 
techniques. 

Effective methods generally require the use of lithography 
which has a number of inherent disadvantages including a 
high equipment and manufacturing cost. For example, the 
high degree of spatial registration requires expensive high 
resolution lithography. 

Additionally, cathode structures include very small local- 
ized vacuum electron sources whidi emit sufiBciently high 
current. However, these vacuum electron sources are diffi- 
cult to fabricate for practical applications. This is particu- 
larly true when the sources are required to operate at 
reasonably low voltages. Presently available thermionic 
sources do not emit high cturent densities, but rather result 
in small currents being generated from small areas, la 
addition, thermionic sources must be heated, and thus 
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require special beating circuits and power supplies. Photo- 
emitters have similar problems with regard to low currents 
and current densities. 

Recent advancements in nanotechnology have reailted in 

s the creation of nanofilamcnts including nanotubes. One such 
example is carbon nanotubes. These nanotubes behave like 
metals or semiconductors and can conduct electricity better 
than copper, transmit heat better than diamond, and are 
among some of the strongest materials known while being 

10 only a few nanometers in diameter. Nanofilaments can have 
small diameters, ranging down to only a few nanometers. 
The nanofilaments may be grown to various lengths (e.g., 
100-1000 nm) yet their diameter remains uniform. The 
aspect ratio (length to diameter) is extremely high. 

Nanofilaments in the form of nanotubes have a hollow 
edge which is on the order of a couple of Angstroms thick. 
The nanotubes may be either single, double, or multiple 
walled (i.e., one nanotube within a second, third or further 
nanotube). For a more comprehensive discussion on carbon 

2" nanotubes, see "Carbon Nanotubes Roll On," Physics World, 
June 2000, pages 29-53. 

Carbon nanotubes have been proposed as excellent can- 
didates for use as field emitter cathodes due to: (1) the 
extreme sharpness of their edges and the extremely large 
aspect ratio, which enable the achievement of low operating 
voltages; (2) the resistance to tip bltinting by residual back 
ion bombardment due to the uniform wall thickness through- 
out their height; (3) the relative inertness, high mechanical 
strength and current carrying capacity; and (4) an inherent 
current-limiting mechanism in the presence of adsorbed 
water which retards emitter bum out and destruction by 
arcing, a problem plaguing the present day FEAs. Nanotubes 
have been demonstrated in use as a cathode in a cathode 
fighting element in which the carbon-nanotubes act as the 
field-emitting cathode. 

To be effective emitters, the nanofilaments need to be 
oriented largely perpendicular to the substrate. Recently, this 
property has been achieved by growing the nanofilaments on 

^ substrates under suitable conditions such as by high tem- 
peratitfe chemical vapor deposition (CVD) on catalytic 
surfaces. For example, CVD has been used to form 
extremely vertical and imiformly grown carbon nanotubes 
directly above a metal catalyst substrate of patterned and 
oxidized iron patches. The resulting nanotubes form an 
ungated clump electrode which provides a stable field emis- 
sion over the entire test duration of 20 hours. 

On the other hand, high emission current from carbon 
nanotubes oriented parallel to the substrate has also been 

50 observed, which can be attributed to defects on the tube 
sidewalls. Nanotubes in this orientation can be expected to 
erode more quickly than those oriented perpendicular to the 
substrate by residual back ion bombardment. 

However, these nanofilament electrodes are not gated and 

55 thus, have limited practical use as field emitters. In order to 
use nanofilaments as a field emitter, one must control the 
operating characteristics of the nanofilaments, i.e., the turn- 
ing on and off of small selected groups (i.e. clumps) of 
nanofilament emitters which comprise an array of emitter 

60 cells (e.g. pixels). This control is accomplished by providing 
a gate electrode, whose applied voltage bias controls the 
turning on, mming off and the field emission current mag- 
nitude. In order to enable low vohage operation, it is 
necessary to provide a control gate in very close proximity 

65 to a group of nanofilament emitters. 

One proposed method of forming a gated nanofilament 
field emitter includes pre-positioning a paste layer of the 
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nanotubes separately on a substrate and assembling a control 
grid gate assembly lo the paste layer of nanofilameats. This 
and other presently available manufacturing techniques (all 
non-integral) fail to provide practical (e.g., in terms of 
functional and economical) gating of nanofilaments, e.g., s 
nanotube, field emitters. - 

One clear disadvantage of this method is that the resulting 
gated unit teods to be lai^e when compared to integrally 
formed convcndoaal field emitter ceUs, which limits the 
resolution. As a result of the increased emitter-grid gate 10 
separation, these grid-gated emitters require a much higher 
gate voltage (hundreds of volts as compared to tens of volts 
for integraUy gated emitters) for their operation. 

An additional disadvantage with presently available car- 
bon nanotube field emitting cathodes is that the grid-type 
control gates and nanotube cathodes are not self-aligned 
with one another because the control grid gate is assembled 
to the nanotubes after a paste layer of nanotubes has aheady 
been formed. As a result, the gate current (e.g.: current 
intercepted by the gate) tens to be very high which can cause ^° 
overheating. In addition, this approach generally does not 
provide precise control and operation of the FEA and in 
particular, precise control of individual cells forming the 
emitter array, as compared to integrally formed and self- 
ahgned control gate and cathode design. 

BRIEF SUMMARY OF THE INVENTION 

In accordance with the present invention, a self-aligned, 
integrally gated nanofilament field emitter cell and array is 
provided wherein a nanofilament cathode (in the form of a 
group or "clump" of nanofilaments) and control gate are 
formed through the microprocessing techniques of the sub- 
ject invention, thereby self-aligning the nanofilament cath- 
ode with the control gate. 

According to one aspect of the invention, a field emitter 
cell is provided which comprises an electrically conductive 
substrate layer. An insulator layer is disposed directly upon 
the siibstrate layer and an electrically conductive gate layer 
is disposed directly on the insulator layer. An aperture on the ^ 
gate layer extends through the insulator layer to the substrate 
layer. A catalyst layer is applied to a surface conductively 
associated with the substrate layer. Electrically conductive 
nanofilaments are grown on the catalyst layer. The group of 
nanofilaments are electrically isolated from the gate. When 
the field emitter cell is operational, the group of nanofila- 
ments act as a cathode. 

In alternate embodiments, the catalyst layer upon which 
the nanofilaments are grown is applied to top surfaces of 
various structiues which comprise a post structure, a tip 50 
structure, and an obelisk structure extending from the sub- 
strate surface. 

One advantage of the present invention is that a field 
emitter cell is provided in which the cathode comprising a 
group of nanofilament eminers in close proximity 10 a 55 
control gate (electrodes). As a result of this close proximity, 
io conjunction with the extreme nanofilament tip sharpness, 
the control gate electrodes use a much lower emitter oper- 
ating voltage as compared with currently demonstrated 
nanofilament grid-gate or ungated field emitter designs. 60 

Yet, another advantage of the present invention is the 
resistance of the nanofilaments to blunting by residual back 
ion bombardment because the edge will remain at the same 
sharpness due to the uniform thickness throughout their 
heights. Yet, another advantage of the present invention is 65 
that the carbon nanotube has a relatively clean and inert 
surface (i.e. no non-volatile oxides), which enhances higher 
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emission stability. Another advantage is that often these 
nanofilaments either possess or can be tailored to posses 
significant resistance which, diuing emission, will lead to an 
IR (current times resistance, from the equation V=IR where 
V=voltage, I=current, and R°resistance) drop in the poten- 
tial between the gate and the emitter, thereby preventing 
emitter burn-out by limiting the current. Further, caifoon 
nanombes, in the presence of adsorbed water, provide an 
inherent ciurent-limiting mechanism which tends to retard 
emitter bum-out as disclosed in "Current Saturation Mecha- 
nisms In Carbon Nanotobe Field Emiucis," Applied Physics 
Letters, volume 76, no. 3, Kenneth A. Dean and Babu R. 
Chalamala, Jan. 17, 2000, herein incorporated by reference. 

It is an object of the present invention to provide a 
self-aligned integraUy gated nanofilament field emitter cell 
and array. 

It is an another object of the present invention to provide 
a integrally gated (but not necessarily self-aUgned) nanofila- 
ment field emitter cell and array. 

It is another object of the present invention to provide a 
field emitter cell and array in which the gate electrode is 
placed in very close proximity to a group of nanofilament 
emitters. 

It is yet another objective of the present invention to 
provide a field emitter cell and anay in which the cathode is 
resistant to blunting and surface contamination. 

It is yet another object of the present invention to provide 
a field emitter cell and array with a very low turn-on voltage 
and that has a stable field emission. 

It is yet another object of the present invention to provide 
a field emitter cell and array that is very economical to 
manufacture because no precise lithography is required. In 
fact, when using the method of the present invention, no 
lithography is required in making the field emitter cell and 
array if a stamping technology is used to make the masks for 
the etching of the starting apertures. 

Further features and advantages of the present invention 
are set forth in, or apparent from, the description of preferred 
embodiments which follows. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. l(a)-l(g) illustratively depicts the processing steps 
involved in fabricating a field emitter according to a first 
embodiment of the present invention; 

FIGS. 2(a)— 2(g) illustratively depicts the processing steps 
involved in fabricating a field emitter cell according to a 
second embodiment of the present invention; 

FIGS. 3(fl)-3(^) illustratively depicts the processing steps 
involved in fabricating a field emitter cell according to a 
third embodiment of the present invention in which the 
emitter cathode comprises a group of nanofilaments formed 
on a post structure; 

FIGS. 4(a)-4(i) illustratively depicts the steps involved in 
fabricating the field emitter cell according to a fourth 
embodiment of the present invention in which the emitter 
cathode comprises a group of nanofilaments formed on a 
post structure; 

FIGS. S{a}-5(d) illustratively depicts the processing steps 
in fabricating a field emitter cell according to a fifth embodi- 
ment of the present invention in which the emitter cathode 
is fianned as a group of nanofilaments on a conical bp or a 
tip-on-posi emitter structure; 

FIG. 5(e) is a plot of the resulting field emission data of 
the fifth embodiment; and 

FIG. 6(a) illustratively depicts a sixth embodiment of a 
field emitter using a group of nanofilaments as the emitter 
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cathode with an oSiset control gate according to the present 
invention, and FIG. 6{b) is a plot of the field emission data 
of the sixth embodimenL 

DETAILED DESCRIPTION OF THE 
INVENTION 

1st Embodiment 

Referring now to FIGS. l(a)-l(g), illustratively depicted 
therein are the steps of fabricating a field emitter cell 100 
according to the first embodiment of the present invention. 
TTie field emitter cell 100 is formed on a conductive or 
semiconductive substrate layer 102. Optimally, substrate 
layer 102 is a porous silicon substrate with a nanoporous 
layer in order to provide for highly directional nanotube 
growth. 

A catalyst layer 104 is deposited on substrate layer 102 by 
sputtering or evaporative deposition of a stiitable catalyst 
material. The catalyst layer promotes the growth of nanofila- 
ments of interest under appropriate growth conditions 
(described below). For carbon nanotube growth, the most 
effective catalyst layer may comprise iron, nickel or cobalt. 

Optionally, at this point, the catalyst-coated substrate may 
be annealed in air to anneal and oxidize the catalyst layer 
104. Alternatively, the annealing/oxidation of catalyst layer 
104 may be done later or it may be left unoxidized. Insulator 
layer 106, composed of SiO^ or other suitable insulator 
material, is deposited to a few thousand Angstroms thick. 

Gate layer 108 is then deposited on insulator layer 106. 
Gate layer 108 is composed of either a semiconducting 
material, a metal, or a multiple layer conductive material 
that does not catalyze nanofiiameat growth. For example, 
the material of gate layer 108 may comprise two layers 
including a chromium layer on a p-type polysilicon layer 
deposited over the insulator layer 106. 

Gate aperture 110 is formed by patterning and etching 
using any of a number of techniques known in the art such 
as the one described in the commonly-owned U.S. Pat. No. 
6,084,245, herein incorporated by reference. For example, 
circular posts of resist (not shown) are patterned and fabri- 
cated on the gate layer 108 followed by evaporation depo- 
sition of a thin chromium layer and then lift-off of the resist 
post to leave patterned circular apertures in the chromium 
layer (not shown). Using the chromium layer as an etch 
mask, standard reactive ion etching (RIE) is used to aniso- 
tropically etch aperture 110 through gate layer 108 and 
insulator layer 106, terminating on the catalyst layer 104. 

Referring now to FIG. 1(b), preferably a CVD method is 
used to deposit a conformal, stand-off layer 112 on the 
horizontal surfaces 109 of gate layer 108 and along the 
vertical sides of gate layer 108 and insulator layer 106 and 
the horizontal surface of catalyst layer 104 exposed during 
the etching of aperture 110. The thickness of stand-off layer 
112 is adjusted to reduce the diameter of aperture 110. 
Referring now to FIG. 1(c), standard anisotropic RIE of the 
stand-off layer is carried out to remove the stand-off layer 
112 disposed on the horizontal surface 109 of gate layer 108. 
In addition, RIE removes stand-off layer 112 deposited at the 
bottom of aperture 110, thereby exposing catalyst layer 104. 

If catalyst layer 104 was not previously annealed and 
oxidized prior to stand-off layer 112 deposition, cell 100 is 
optionally annealed in air at a temperature to substantially 
oxidize the exposed catalyst layer 104 as previously 
described. 

Referring now to FIG. l(rf), nanofilaments are grown on 
top of the exposed catalyst layer 104 disposed at the bottom 
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of gate aperture 110. Nanofilaments 114 are grown, 
preferably, perpendicular to and in selective areas over the 
catalyst surface 104 using growth conditions known in the 
art, such as those described in connection with the method 

5 discussed in Science, Vol. 283, 512 (1999) by S. Fan et al, 
herein incorporated by reference. 

Nanofilaments 114, composed of carbon aaootubes, ini- 
tiate growth on the iron/iron oxide particles that form 
catalyst layer 104. Optimally, the nanofilaments 114 are 

10 grown to the level of gate layer 108 or slightly below, 
although they may also be at a higher level than the gate 
layer 108. 

Nanofilaments 114, composed of carbon nanotubes, 
should be grown under conditions that do not form non- 
nanofllament carbonaceous material on surfaces that do not 
contain a catalyst. For example, a low hydrocaibon-to- 
reducing gas ratio should be used in a CVD method. 

If needed, cleaning/clearing debris &om the top surfaces 
of field emitter cell 100 such as horizontal surfaces 109 and 
the horizontal surface 113 of stand-off layer 112, may be 
accomplished by first filling gate aperture 110 with a pro- 
tective layer such as a resist or silicon dioxide, followed by 
perpendicular RIE using oxygen to remove any carbon- 
aceous layer and to etch away the top surface until the 
residual debris layer is removed. 

Referring now to FIG. 1(e), field emitter cell 100 is 
optionally dipped in a buffered hydrofluoric (HF) solution to 
remove the upper portion of stand-off layer 112. The hydrof- 

^ luoric acid removes a portion of the stand-off layer 112 along 
with cutting into (i.e., removing) a portion of insulator layer 
106 adjacent nanofiiameat clump electrode 116 in areas 118. 
The hydrofluoric acid is removed by gentle rinsing or weak 
sonication in distilled water. 

2j Optimally, residual water in the cells is removed through 
a process of freeze-drying. During the freeze-drying, 
residual water is removed by sublimation. The freeze-drying 
minimizes the sticking of the individual nanofilaments 114 
to the sidewall(s) of the aperture after a wet treatment. An 

^ alternative method of drjang is by critical point drying, a 
technique commonly used to preserve mechanical integrity 
of biological specimen, in which the water is first replaced 
with a solvent which is then replaced with a Uquefied gas 
(e.g., carbon dioxide). Minimum distortion occurs upon 
vaporization of the liquefied gas. 

A portion of unanchored or weakly anchored nanofila- 
ments 114 may be dislodged during the hydrofluoric acid 
and water rinse. Mechanical and electrical anchoring of the 
remaining attached nanofilaments to the FEA 100, can be 

jQ enhanced by electroplating with nickel at the base where the 
nanofilaments 114 meet catalyst layer 104. 

Referring now to FIG. 1(f), if nickel plating is desired, a 
sufficiently long hydrofluoric acid dip/rinse is first con- 
ducted to remove stand-off layer 112 from within aperture 

55 110, thereby exposing catalyst layer 104. Subsequently, 
nickel 120 is plated up from the freshly exposed portions of 
the catalytic layer 104 at the bottom of aperture 110. 

An alternative to the afore-mentioned HF treatment to 
remove the top portion of the stand-off layer 112 is by dry 

60 etching such as reactive ion etching, thereby avoiding the 
problem of stiction which would cause the nanofilaments to 
stick to the sidewalls of the aperture after a wet treatment. 

Referring now to FIG. 1(g), along with FIGS. 1(e) and 
1(f), the resulting field emitter 100 has a gate layer 108 with 

65 a circular gate aperture 110. Qump electrode 116 forms the 
emitter portion consisting of a group of nanofilaments 114 
with circular symmetry centered within gate aperture 110. 
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Vacuum gap 122 is disposed between the top portion of 
clump cathode 116, insulator layer 106, and the edge of the 
gate aperture 110, electrically isolating the nanofilament 
emitters from the gate. Electrical contact is established 
between the clump cathode 116, substrate 102, and any 
layers there between. 

Operation of field emitter cell 100 involves the applica- 
tion of a positive voltage bias to the gate layer 108 relative 
to the clump cathode 116 to extract field emission of 
electrons from the clump cathode 116. Electrons may be 
collected on an anode (not shown) placed at a distance above 
the field emitter array device 100. 

Many modifications may be made to this first embodiment 
to accommodate various manufacturing processes and oper- 
ating conditions. For example, although nanofilaments 114 
are composed of carbon nanoiubes, alternate nanofilaments 
may be nanowires composed of Si, Ge, SiC, GaAs, GaP, 
InAs, InP, ZnS, ZnSe, CdS, CdSe, MoS^, WS^, and combi- 
nations thereof grown under appropriate growth conditions 
known in the art. 

In addition, although clump cathode 116 is formed as a 
circular group of nanofilaments 114, other geometrical shape 
may be substituted, such as but not limited to, linear, square, 
and rectangular (not shown) by making appropriately modi- 
fications to the method described above. As is obvious to one 
of ordinary skill in the art, the placement and shape of the 
starting template structures (e.g. aperture) on the substrate 
determines the location and shape of resulting emitter 
cathodes, cells, and array. 

2nd Embodiment 

FIGS. 2(a)-2(g) there is illustratively depicted a second 
embodiment which differs from the first embodiment in that 
in the second embodiment, catalyst layer 204 is deposited 
after gate layer 208 and stand-off layer 212 is deposited and 
etched. Therefore, the various processing steps of the second 
embodiment are the same as in the first embodiment unless 
otherwise noted. 

Insulator layer 206 is deposited directly on substrate layer 
202 by any suitable manner known in the art. Subsequently, 
gate layer 208 is formed on insulator layer 206, and gate 
aperture 210 is patterned and etched. Stand-off layer 212 is 
deposited along the surface of cell structure 200 which 
includes along the gate layer horizontal surface 209, the 
vertical wall surfaces within gate aperture 210 and along 
surface 203 of substrate 202 exposed during the etching of 
gate aperture 210 (FIG. 2{b)). Next, stand-off layer 212 is 
removed from the horizontal surfaces of cell structure 200, 
namely gate layer horizontal surface 209 and substrate 
surface 203, using an anisotropic RIE (FIG. 2(c)). 

Catalyst layer 204 is directionally deposited along surface 
203, and along the horizontal surface 209 of gate layer 208. 
In addition, some catalyst material may be residually depos- 
ited along the vertical wall surfaces within gate aperture 210 
(FIG. 2(rf)). Catalyst layer 204 may be composed of the 
same material as in the first embodiment. Optimally, the 
material of gate layer 208 passivates the material of catalyst 
layer — that is, under the nanofiJament growth conditions, the 
catalyst layer on such a gate material no longer catalyze 
growth of nanofilaments. However, it is not necessary for the 
material of gate layer 208 to passivate the catalyst in this 2"^ 
embodiment. 

Catalyst material deposited on gate layer 208 and the top 
portion of the vertical side wall of stand-off layer 212 is 
removed while leaving catalyst layer 204 intact at the 
bottom of gate aperture 210 on substrate surface 203. Two 
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methods may be used to accomplish this. The catalyst layer 
204 al the bottom of gate aperture 210 is protected by first 
spitming a resist layer 224 over the field emitter 200 (FIG. 
2(d)). Next, isotropic etching with oxygen plasma or aniso- 

5 tropic oxygen RIE removes most of the resist layer 224 
except for a portion on top of catalyst layer 204 at the boaom 
of gate aperture 210. Subsequently, acid dissolution removes 
catalyst layer 204 from all surfaces not protected by resist 
224 (FIG. 2(e)). 

10 Alternatively, rather than depositing resist layer 224 fol- 
lowed by isotropic etching using oxygen plasma, catalyst 
layer 204 may be selectively removed &om all surfaces 
except from the bottom of aperture 210 by glancing angle 
sputtering. 

Nanofilaments 214 are grown (FIG. 2(^) and field emitter 
200 is then dipped in hydrofluoric acid, rinsed in water, and 
freeze-dried (FIG. 2(g)). The hydrofluoric acid rinse 
removes the upper (i.e., top) portion of stand-off layer 212 
and undercuts insulator layer 206 in area 218. As with the 
first embodiment, the base of clump cathode 216 between 
nanofilaments 214 and the side-wall of aperture 210 may be 
optionally reinforced as described above. Alternatively, the 
upper portion of standoff layer 212 can be removed by dry 
etching, which least disturbs the nanofilaments. 

25 

3rd Embodiment 

Referring now to FIGS. 3(a)-3(g), in a third embodiment, 
the starting substrate upon which the nanofilaments are 
grown is a post structure 330. Referring now specifically to 
FIG. 3(a), post 330 is formed by patterning and reactive ion 
etching (RIE) a starting material of nanoporous silicoa layer 
substrate 302 with catalyst layer 304. The patterning and 
RIE are standard microelectronic fabrication methods 
known in the art. Catalyst layer 304 is optionally oxidized in 

'^^ the same manner as in the earlier described embodiments. 
Nanofilaments 314 are preferably carbon nanotubes that 
are grown on top of post 330 under the same conditions as 
in the previous embodiments, resulting in clump ca±ode 

^ 316 (FIG. 3(f>)). Aconformal stand-off layer 312 composed 
of silicon nitride, silicon dioxide or tungsten, is deposited 
over the entire cell structure 300 structure (FIG. 3(c)). 

Referring now to FIG. 3(i/), planarization layer 332 is 
deposited over cell structure 300 along the top of stand-off 
layer 312. Planarization layer 332 is composed of a suitable 
insulator material such as silicon dioxide or spin-on glass of 
a different insulator material than that of stand-off layer 312. 
Standard planarization techniques such as cbemical- 
mechanical-polishing (CMP) is performed on planarization 

JO layer 332 (FIG. 3(d)). 

Seleclive directional RIE is used to etch back planariza- 
tion layer 332 to a desired height 334 below the top of 
stand-off layer 312 without etching the stand-off layer 312 
(FIG. 3(e)). The desired height 334 determines the placc- 

55 ment of the control gate relative to clump cathode 316. 
Referring now to FIG. i(f), gate metalization material is 
directionally evaporated on top of planarization layer 332 to 
form gate layer 308, and on the horizontal surface of 
stand-off layer 312 to form metalization cap 338. Care 

60 should be taken such that gate metalization material is not 
deposited on the vertical portions 313 of stand-off layer 312. 
If necessary, a short etch may be used to remove any 
material inadvertently deposited on the vertical portions 313 
of stand-off layer 312. 

65 Wet etch (such as by HF) or isotropic dry etch is carried 
out to remove the top portion 336 of stand-off layer 312. The 
wet etch or isotropic dry etch also removes metalization cap 
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338 as well as removing a ponioo of stand-off layer 312 
below metalization cap 338, recessing stand-off layer 312 
sufScieatly below the top of clump cathode 316 (FIG. 3(g)). 
If a wet etch is used, frecze-drying is used to remove the 
residual liquid. 

4th Embodiment 

Referring now generally to FIGS. 4(a)— 4(i), a fourth 
embodimeitt is shown which represents a modification of the 
processing method of the third embodiment. In the fourth 
embodiment, a catalyst layer 404 is deposited on post 430 
after gate layer 408 is formed. 

Referring specifically now to FIG. 4(a), post 430 is 
formed ia a similar manner as post 330 with the exception 
that the starting structure is a post structure 430 oa top of 
substrate 402 without a catalyst layer formed thereon. A 
silicon dioxide (SiOj) stand-off layer 412 is thermally grown 
(in case if the post and substrate are made of silicon) or 
deposited over cell structure 400 including the horizoatal 
surfaces 403 of substrate 402 and horizontal and vertical 
surfaces of post 430 (RG. 4(ft)). Subsequently, planarization 
layer 432, composed of SiOj, gate layer 408 and mctaliza- 
tioQ cap 438 are formed as in the third embodiment (FIG. 4 
(c)). A wet etch in buffered HP or isotropic dry etch removes 
the metalization cap 438, the top portion of the stand-off 
layer and undercuts planarization layer 432 in areas 418 
(FIG. 4(d). 

A thin, conform CVD silicon dioxide forms sacrificial 
layer 440 (FIG. 4(e)) over aU surfaces of the cell. Next, 
directional RIE is used to remove sacrificial layer 440 from 
the top of post 430 and the top of gate layer 408 while 
leaving the vertical sides of post 430 covered with the CVD 
silicon oxide sacrificial layer 440 (FIG. 4(/)). 

Referring now to FIG. 4(g), catalyst layer 404, such as 
nickel (Ni) which is relatively resistant to reaction with HF 
is directionally deposited by sputtering or evaporation on the 
top surfaces of cell structure 400 which include on top of 
post 430 aad gate layer 408, as well as residually in gate 
aperture 410 along conformal sacrificial oxide layer 440. 
Optimally, under nanotube growth conditions, the material 
of gate layer 408 should alloy with the material of catalyst 
layer 404, or in the alternative, material of gate layer 408 
should passivate the material of catalyst 404, thereby pre- 
venting nanofilament growth on gale layer 408. For 
example, the gate material may be chromium (Cr) which 
passivates Ni. 

The field emitter 400 is briefly dipped in a dilute buffered 
HF solution to remove (i.e., lift off) any catalyst material 
which may he on top of the sacrificial silicon dioxide layer 
440 in gate aperture 410 (FIG. 4(/i)). The hydrofluoric acid 
removes both the unwanted catalyst present in aperture 410 
as well as CVD silicon dioxide sacrificial layer 440 present 
in aperture 410 along the vertical wall surfaces of post 430 
and along planarization layer 432 and gate layer 408. A 
significant amount of catalyst should remain on the top 
surface of the post 430. 

Nanofilaments 414, preferably carbon nanotubcs, are 
grown on top of post 430 tmder similar conditions as set 
forth in the previous embodiments, resulting in clump cath- 
ode 416 (sec FIG. 4(0). 

One advantage of the fourth embodiment is that the 
nanofilament 414 placement can be above gate layer 408. 
Consequently, there is less of a chance that there will be a 
short between nanofilaments 114 and gate layer 408. 

5th Embodiment 

HCS. 5(a)-S(d), depicted a fifth embodiment of the 
present invention. In this embodiment, nanofilament growth 
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occuis on the top surface of a conventional tip-on post 
emitter (530) or conical up emitter (531) known in the art. 
This embodiment differs &om the fourth embodiment in that 
instead of using the blunt post strucmre of post 430, this 

5 embodiment uses ready-made conventional field emitter 
strucnires of sharpened tip-on-post structure or a conical tip 
strucmre upon ■wiiich nanofilaments are grown. Otherwise, 
the processing steps of this embodiment are identical to that 
of the fourth embodiment. 

10 The formation of nanofilaments along the top of tip-on 
post 530 and conical tip 531 occurs in the same manner as 
in the fourth embodiment. Specifically, a conformal silicon 
oxide sacrificial layer is first deposited over field emitter 
celk 500, SOl.and then selectively removed by directional 

15 RIE from the top surfaces of the tip-on-post 530, or conical 
tip 531, in a manner similar to that in the fourth embodiment. 
Optimally, the gate aperture 511 of the conical tip design is 
small as practicable and should be smaller than the diameter 
of the base of the conical cathode 531. 

^0 Next, a catalyst is deposited, the sample treated with 
hydrofluoric acid, rinsed in water, and nanofilaments are 
grown along the top surface of tip-on-post 530, and conical 
tip 531 (FIGS. 5(c) and S(d)), in similar manner as in the 
fourth embodiment. As a resuh, clump cathode 516 is 
formed of nanofilaments 514 protruding outward from the 
surface of the centers (i.e., upper portions) of tip-on post 530 
(FIG. 5(c)) and conical tip 531 (FIG. S{d)). 

The lengths of the nanofilament 514 should be limited so 
that the nanofilaments arc relatively short and do not come 
into contact with other parts of the emitter (for example, the 
gate layer 508 or insulator 532). Preferably, the lengths of 
the nanofilaments should be a small fraction of the distance 
between the top of the original (tip-on- post or conical tip) 
to the edge of the gate aperture 510 and 511. Optimally, 
although not essential, tip-on post 530 and conical tip 531 
should be of a material that does not passivate the catalyst 
material 504. 

If the emitter tip material passivates the catalyst, the tip 

^ should be coated with a material that prevents diffusion of 
the catalyst material into the tip material under nanofilament 
growth conditions. As with the previous embodiments, it is 
preferable that the material of gate layer 508 does passivate 
the catalyst material so that no nanofilaments will grow on 
the gate layer 508. 

If the gate material does not passivate the catalyst 
material, it is necessary to remove the catalyst material from 
the top surface and the edge of the gate. Sputtering at a 
glancing angle (small angle relative to the surface of the 

50 substrate) with an ion beam is one such way of removing the 
catalyst material. Care should be taken that the angle is such 
that no portion of the tip-on-post or conical tip is sputtered. 

To remove catalyst material from any sflicon dioxide 
surface (for example, on the top surface or oxide insulator 

SS surface 532 or along the shank portion of conical portion 
tip-on post 530), the structure may be dipped in a buffered 
HF solution. However, the duration should be sufiSciently 
short such that a significant amount of catalyst 504 still 
remains on the surfaces of the top portions of structures 530 

60 and 531. 

Optimally, nanofilaments 514 are grown on the portion of 
tip on-post 530 and conical tip 531 covered with catalyst 
layer 504 using CVD method under lean hydrocarbon con- 
ditions (i.e., low hydrocarbon-tb-reducing gas ratio) to 
65 eliminate growth of non-naiK)filament carbonaceous mate- 
rial on insulator layer 532. The growth time should be 
limited so that nanofilaments 514 should be relatively short. 
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If necessary, a short isotropic oxygeo plasma, such as in 
a barrel etcher, can be used to remove any thin layer of 
carbonatious material from insulator layer 532. If the insu- 
lator layer 532 is silicon dioxide, it can be optionally 
followed by a short dip in dilute buffered HF and subsequent 
water rinsed to ensure cleanliness of the surface of insulator 
532. 

Precautions should be taken to prevent any nanofilamcnts 
504 from lying down on the tip surface due to adhesion 
(stiction) a^er exposure to an aqueous environment of HF 
and water rinse. As with the previous embodiments, it is 
optimal to use a fireeze-drying or a critical-point drying 
technique. 

An exemplary preferred implementation of the processing 
method of the fifth embodiment will now be considered. It 
will be understood that this example is provided to enhance 
understanding of the present invention and not to limit the 
scope or adaptability thereof. 

The starting structures were an array of the silicon tip- 
on-post gated field emitter cells fabricated according to a 
process developed at the Microelectronic Center of North 
Carolina by a number of standard silicon microprocessing 
steps (outlined in FIG. 3 in D. Temple, et. al., J. Vac. Sci. 
Technol. B 13, 150 (1995) and in FIG. 2 in L. N. Yadon, et. 
al., J. Vac. Sd. Technol. B 13, 580 (1995)). The sUicon 
tip-on-post emitter cell structure is schematically shown in 
FIG. 5(a) of the present disclosure. 

The silicon post height was about 4 microns, the post 
diameter was about 1 micron, and the post was topped with 
a very small and sharp conical silicon tip. The gate aperture 
diameter was 2.8 microns and the gate material was made of 
pure chromium, which apparently could survive the rela- 
tively high temperatures and conditions used for carbon 
nanotube (cNT) growth in the current example. Moreover, 
chromium, under the cNT growth conditions used in this 
example, has been observed to passivate Fe and Ni catalysts 
(e.g. no cNT growth on Fe and Ni-coated chromium 
surfaces). Since the sidewalk of the tip-on-post stmcture had 
some silicon dioxide left on it from processing, it was 
optional to omit the initial deposition of a confonnal sacri- 
ficial sihcoD dioxide layer. In this example, the initial 
conformal silicon dioxide sacrificial layer had been omitted. 

Next, a very thin layer of nickel catalyst was sputter- 
deposited on the substrate using an ion beam and a nickel 
foil as sputtering target. The nickel coated the surfaces of the 
chromium gate, the top surface of the tip-on-post (including 
the small sUicon tip), and likely residually other surfaces in 
the emitter cell cavity. The sample was then briefly dipped 
in a dilute buffered HF solution and thoroughly rinsed (by 
weak ultrasonication) in distilled water. The HF removed 
much (by lift-off) much of the residual nickel that happened 
to be on any silicon dioxide surfaces in the emitter cell 
cavity. After drying by blowing with nitrogen and mild 
heating on a hot plate, the sample was placed on the flat top 
of a molybdenum cartridge beater in a hot filament chemical 
vapor deposition (CVD) flow reactor, in which the hot 
filament consisted of a tungsten ribbon suspended parallel to 
and about a centimeter above the sample. The cartridge 
beater and the tungsten filament were heated separately. The 
temperature was measured by a thermocouple in contact 
with the top surface of the cartridge heater. The gas flow was 
perpendicular to the surface of the sample. 

Growth of the carbon nanotube emitters began by first 
beating the sample in flowing argon at a pressure of abotit 20 
torr until a temperature of about 700° C. was reached, al 
which ammonia gas at a flow rate of 80 seem replaced the 
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argon and flowed onto the sample. The hot filament was 
immediately turned on and maintained at a filament tem- 
perature of about 1900° C. as monitored by an optical 
pyrometer. Five minutes after turning on the hot filament, 

5 ethylene gas at a flow speed of 20 seem was admitted into 
the flow reactor. The final temperature and pressure were 
maintained at 683° C. and 23.3 torr, respectively. The hot 
filament, the ethylene gas, and ammonia gas were shut off 
4.5 minutes after the admission of the ethylene gas. Argon 

10 at about 25 torr was then flowed as the sample was cooled 
down slowly. 

Scanning electron microscope examination showed car- 
bon nanotubes on the top surface of the tip-on post cathode 
stmcture and no carbon nanotubes on the chromium gate. 

The sample was subjected to field emission test in an 
ultra-high vacuum chamber equipped with electrically con- 
ductive cathode, gate, and anode probes to provide electrical 
contact to the individual pixels (arrays) of the field emitter 
and to measure the current of the field-emitted electrons. For 
a pixel consisting of 33,000 emitter cells, the collected 
emission ciurent (anode current) was measured as a function 
of the voltage applied to the gate electrode (with the cathode 
at ground). The results are shown in FIG. 5(e). 

An important result is the low turn on voltage (e.g. ~17 
^ volts) compared to about 80 volts obtained for an array of 
silicon tip-on post FEA (without the nanotubes). The result 
for the latter sample is consistent with the 80-90 volts 
required by the silicon tip-on post structures in references by 
D. Temple, et. al., and L. N. Yadon, et. al. (above 
mentioned). This low turn-on voltage for the present 
nanotube-decorated example can be attributed to the carbon 
nanotubes acting as field emitters. 

There can be a wide latitude on the growth parameters, 
such as different catalysts (e.g. Fe, Co), temperatures 
(500-1000° C), hydrocarbons (e.g. methane, acetylene), 
reducing agents (hydrogen), flow rates, pressures, and even 
a variety of growth techniques including thermal, 
microwave, and RF CVD methods as weU as arc and 
^ laser-assisted catalytic growth methods. In a CVD method, 
a low hydrocarbon-lo-reducing agent ratio is necessary to 
minimize amorphous carbon deposition on catalyst-free 
surfaces, to avoid electricaUy shorting out the emitter cell 
(between cathode and gate). 

6th Embodiment 

In a sixth embodiment, the control gate is formed as offset 
gate aperture 609 in which the gate aperture is oKset by 
distance 650 from the edge of the aperture 611 in insulator 
5Q layer 606 (sec FIG. 6(<7). The offset of a gate aperture from 
that of the insulator layer has previously been described in 
patent application Sen No. 09/478,899 filed on Jan. 7, 2000, 
herein incorporated by reference. 
The sixth embodiment is based on the second embodi- 
55 menl. All processing steps are the same as those in the 
second embodiment except that the starting cell structure has 
an off-set gate aperture. A similar ofiiset of gate apermre 609 
&om the insulator aperture 611 formed therebelow may also 
be incorporated into the other embodiments. Likewise, other 
60 embodiments of gate ofiEset in patent application Ser. No. 
09/478^99 are also incorporated into the present embodi- 
ment and other embodiments of the present invention as 
applicable. One possible advantage of having an offset gate 
layer is to reduce the gate ciu'reni by precluding a direct- 
as Une-of sight from the nanofilament emitter to the gate. 

An exemplary preferred implementation of the processing 
method of the sixth embodiment will now be considered. It 
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should be understcx>d Ibat this example is provided to an electrically conductive gate layer disposed on said 

enhance understanding of the present invention and not to insulator layer thereby farming an electrically oonduc- 

limit the scope or adaptability thereof. tivc gate, said electrically conductive gate having a 

The starting structure was similar to that shown in FIG. second aperture; 
2(fl), except that the gate was offset (having a larger diameter 5 a catalyst layer conductively associated with said sub- 

than that of the hole in the insulator layer). The methods for stratc layer, and 

fabricating starting structures with ofiset gates were also an electrically conductive group of nanofllaments grown 

given in a commonly-owned patent application (patent ga^iyg, i^y^^ ^nd conductively associated 

application Ser. No. 09/478^99). The gate material con- ^^^^ ^^^^ substrate layer, said group of nanofilaments 

s^ted of a 60 nm thick chromiutn layer on top of a 150 nna ^^^^ electrically isolated from said gate, said gate and 

thidc p-type sdioon layer. The hole m the msulator layer had of nanofllan,ents being se^-aligned tith one 

a diameter of 1.2 microns and the gate diameter was 2.25 another & 5 

microns (e.g. the offset was about 0.5 micron). A stand-oC c ■ j • . r ■ - < 

CVD silicon dioxide layer (nominaUy 0.42 micron thick on , 2- The field emitter ceU of claim 1, wherein said catalyst 

top flat surface) was then deposited over the structure, ^^y" ^^P^^^ ^''^^y °° substrate layer. 

foUowed by oxide etch back by RIE of 0.45 micron of ^- "le am emitter ceU of claim 1, wherein said surface 

silicon dioxide. SEM analysis showed a 0.32 micron thick "PO° '*'bicb said insulator layer is formed comprises an 

stand-oflt layer on the vertical sidewaU of the hole, leaving "PP*^'' surface of said substrate layer, 

an open, inner hole of about 570 nm diameter. "The field emitter ceU of claim 1, wherein said surface 

A thin layer of Fe was then deposited over the sample "P°" "^^^""^ ^''^ insulator layer is fomied comprises an 
using an ion beam and a Fe foil as sputtering target. Next, ^° "PP*"" surface of said catalyst layer, 

a 0.25 micron thick Shipley 1400 photoresist was spin- 3. The field emitter ceU of claim 1, wherein said nanofila- 

coated over the sample, followed by baking at 90° C. for 30 ments comprises carbon nanotubes. 

minutes. Oxygen plasma using a barrel etcher was used to ^ ^^^^ °^ '^^^ 1' ^"^^■""^ nanofila- 

remove the resist from the top horizontal surface and from comprises nanowires composed of material selected 

the upper portion of the hole. The exposed Fe was removed Sroup consisung of doped or undoped Si, Ge, SiC, 

by dipping the sample in an acid solution. After rinsing in '^f^' ^dSe, MoS^, WS^, 

water and drying, the sample was ultrasonicated in acetone, combmations thereof 

foUowed by ethanol to remove the resist from the bottom '^^ ^^^^ °^ 1' e^te layer 

portion of the hole, thereby exposing the Fe catalyst on the a passivating gate material upon which a predeposited 

bottom portion of the hole '^^^^Y^^ matenal does not catalyze growth of nanofilaments 

Tlie growth of the carbon nanotube emitters was carried "nde|^anofllament grovnh conditions, 

out under similar conditions as described above in reference . A^ld emitter cell of claim 1 wherein said gate layer 

to the exemplary implementation of the fifth embodiment, ' . P^'^^^S ^^'^^^f J'""? the group 

except a DC voltage bias was placed on the hot filament with ' ^' ^ u' r^' . ^J^^J^^''°'^ 

respect to the top surface of the cartridge heater and that a ^ ^^^'^ ^'"'"^ "^^.f ^=1^™ comprismg a 

growth duration of only 40 seconds was used. TTie purpose ^"'^^^^^ separatmg said nanofilaments from said gate, 

of the vohage bias was to promote more oriented growth of . °^ ""^^'"^ hj^'^^' comprising a 

the carbon nanotubes. stand-off layer disposed between said group of nanofila- 

. , ,, . , , ments and said sidewall of said insulator layer. 

Field emission test was earned out on a small pixel of an .„ 1, t-i,„ « .j c ^ ■ m u ■ -j 

f „.„ ,1 J . J .u . II- The field emitter cell of claim 10, wherein said 

array of 20 emitter cells. The anode ciurent and the gate , j fr 1 ■ • 1 .• j • -.t. j 

. J ■ ,. , ^ • ^ stand-on: layer is msulatmg and is either recessed or not 

current were measured simultaneously as a function of the recessed 

voltage appUed to the gate electrode. The results are shown n -r-i, c u -.. „ c , ■ .«v 

■ Di? A . 1. u 1 -^c 1. u J 12. The field emitter cell of claim 10, wherem said 

in FIG. o(d). A turn-on voltage below 35 volt was observed. , j cc, ■ j, j- i 

r-i^ z-zt-w 1 u .i. . .c . . • ,, stand-on: layer is conducting and is recessed. 

FIG. 6(0) also shows that the gate current is a very small 11 t-u c u n r 1 • 1 u • -j 

c .■ e.i. J .1. jr n- *5 13. The held emitter cell of claim 1, wherem said croup 

fraction of the anode current, a result expected from an offset c ci . r .l j & f 

J - of nanofilaments form a cathode, 
gate design. An onset gate can also be expected to require 

emitter cell of claim 1, wherein said gate is 

a higher turn-on voltage than one without an offset. ■ , „ , j u ■ . 1 . . * 

" . , , . mtegrally formed, wherem at least one aspect of the geom- 

Alteraative photoresist etchmg could be done by oxygen etry or placement of either the group of nanofilaments or the 

reactive ion etchmg (which is anisotropic) instead of by the g^t^ is manipulated to determine the geometry or placement 

oxygen barrel etcher (which is isotropic), thereby gaining other, relative to each other. 

better control over the portion of resist to be removed. 15 y^e field emitter ceU of claim 1, further comprising a 

Although the invention has been described above in post-structure extending from a substrate surface, and upon 

relation to preferred embodiments thereof, it should be which said catalyst layer is formed, and wherein said gate, 
understood by those dulled in the art that variations and 55 said post-structure, and said group of nanofilaments are 

modifications can be effected in these preferred embodi- self-aligned with one another. 

ments without departing from the scope and spirit of the ifi. jhe field emitter ceU of claim 15, wherein said 

mvcntion. post-structure is tapered 00 an end forming a conical tip 

What is claimed is: opposite said substrate layer and said catalyst layer is 
1. A field emitter ceU comprising: ^ formed on said end of said post-structure opposite said 

an electrically conductive substrate layer; substrate layer. 

an insulator layer formed on a surface conductively 17. The field emitter cell of claim 16, wherein said gate, 

associated with said substrate layer, said insulator layer said post structure, and said group of nanofilaments are 

having a first aperture therethrough, said aperture self-aligned with one another. 

defined by a sidewall and a bottom surface, said bottom 65 18. The field emitter cell of claim I, further comprising a 

surface conductively associated with said substrate conical tip structure extending from a substrate surface and 

layer; upon which said catalyst layer is formed. 
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19. The field emitter cell of claim 18, wherein said gate, 
said lip structure, and said group of nanofilaments are 
self-aligned with one another. 

20. The field emitter cell of claim 1, wherein said second 
aperture is coincident with said first aperture. 5 

21. The field emitter cell of claim 1, wherein said gate 
aperture is oSsti firom said first aperture, said gate aperture 
being greater than said first aperture. 

22. The field emitter cell of claim 1, wherein size of said 
gate aperture is smaller, equivalent, or larger than said first lO 
aperture in said insidator layer, and said gate aperture having 

a standoff insulator layer shielding the gate layer to preclude 
a direct line-of-sigbt from nanofilament emitter. 

23. The field emitter cell of claim 1, wherein said first 
aperture and said gate aperture have a geometric shape is 
selected ftom the group consisting of circular, linear, square, 
rectangular, and polygonal. 

24. The field emitter cell of claim 1, wherein said 
nanofilament emitter has a sufficient resistance that, during 
emission, limits the current of the emitter by causing an IR 20 
drop in the potential between the gate and the emitter. 

25. The field emitter cell of claim 1, wherein said gate 
layer is a multiple layer structure comprising at least one 
conducting layer. 

26. The field emitter cell of claim 1, wherein said gate 25 
layer comprises a p-type semiconductor. 
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27. The field emitter cell of claim 1, wherein said catalyst 
layer is formed upon a porous silicon layer, said catalyst 
layer and said porous silicon layer being conductively 
associated with each other and with said substrate layer. 

28. A field emitter cell comprising: 
an electrically conductive substrate layer; 
an insulator layer formed on a surface conductively 

associated with said substrate layer, said insulator layer 
having a first aperture therethrough, said aperture 
defined by a sidewall and a bottom surface, said bottom 
surface conductively associated with said substrate 
layer; 

an electrically conductive gate layer disposed on said 
insulator layer thereby forming an electrically conduc- 
tive gate, said electrically conductive gate having a 
second aperture; 
a catalyst layer conductively associated with said sub- 
strate layer, and 
an electrically conductive group of nanofilaments grown 
upon said catalyst layer and conductively associated 
with said substrate layer, said group of nanofilaments 
being electrically isolated from said gate. 
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